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ABSTRACT 
In this study the environmental aspect of sustainability of the platinum catalysed Hydrogen Fuel Cell 
Technology (HFCT) in progress in South Africa is examined as two case studies. The first case study 
is a laboratory-based process of platinum nanophase composite electrode prototype suitable for SPE 
electrolyser and PEM fuel cell. The second case study is the Anglo American Platinum industrial 
engineering process of recovering platinum group metals (PGMs). Environmental assessments were 
achieved using Life Cycle Assessment (LCA) standard ISO 14040 series and the Eco-indicator 99 
methodology. The energy potential and sustainable development of the South African HFCT initiative 
as well as the initiative public awareness are also looked into. 
Emerging as high concerns in the region are South African coal-based and gas supply security for 
energy supply and sustainability, and the growth of energy demand. The heavy South African carbon 
footprint and the related global climate change are also high concerns. The South African cabinet 
adopted hydrogen and fuel cell technology as one of the priority technologies to be developed in a bid 
to reduce the country’s dependence on coal-fired power generation, oil and gas. The Department of 
Science and Technology (DST) submitted this proposition initiated from the public and private sectors; 
and this has been seen as a significant competitive advantage for the global HFCT initiatives in view 
of the country’s abundant platinum metals deposits, a key raw material in fuel cells. Arguing that the 
adoption of renewable energy systems as clean technology calls for the achievement of the ecology 
leg aims of sustainability. An environmental assessment over synthesizing nanophase composite 
electrode and producing platinum group metals are therefore proved to be pertinent. 
Results of LCA showed equivalent emissions of carbon dioxide in the preparation process of 119.23g 
electrode platinum nanophase were evaluated at approximately 8.78 kg CO2eq. Over 90% of all 
emissions of carbon dioxide equivalent were attributed to energy supplied, produced by emitting 
resources. Direct emissions which were mostly of chemicals were probably involved in the heating, 
calcining and drying of materials. The environmental impact assessment by Eco-indicator 99 
methodology based on LCA results of the platinum composite electrode determined airborne likely 
potential emissions such as carbon monoxide, NOX, Ethanol, Formaldehyde, SOX and water vapour 
with their evaluated impacts as well as other potential emissions to soil/water such as wastewater and 
HMS matrix which can be recycled. 
LCA results of the PGMs recovery process showed airborne and waterborne emissions as well as 
emissions to soil. Emissions observed were both direct and indirect. Direct emissions were from ore 
composites, chemicals, coal, fuels and water recycled. Over 91% of GHG emissions are indirect from 
energy supplied. The largest environmental damage impact caused by over 91% of GHG emissions 
indirect to PGMs production process was estimated to be 8.18 E+9 mPt equivalent to 19,049 Tera-
joules from electricity purchased. The used electricity is coal-based with damage impact to resources 
caused by extraction of fossil fuels. The second largest damage impact of 3.43 E+8 mPt was 
attributed to resources caused by extraction of minerals. The damage impact of 2.48 E-1 mPt by SO2 
emissions, which has an impact on human health and the ecosystem quality and the reason behind 
the motivation to assess the process of recovering PGMs, was relatively minor compared the first two 
and to some others. 
The energy potential of the South African HFCT initiative is thought through by its objectives and the 
capacities to achieve them. The sustainability management of the initiative for the long-term energy 
supply and sustainability can be determined by specific factors among those, addressing progressively 
GHG emissions involved in the entire life cycle of PGMs, from mining to recycling. 
As regards the current state of public awareness to the South African HFCT initiative, this is not well 
known and has little media attention. 
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CHAPTER 1 
 
INTRODUCTION 
CHAPTER 1: INTRODUCTION 
1.1. Summary 
  
This research study examines the sustainability of the development of platinum catalysed Hydrogen 
Fuel Cell Technology (HFCT) in progress in South Africa in the context of the environmental aspect. 
The research is conducted as two case studies. The first is an industrial engineering process of 
recovering platinum group metals (PGMs). The second is a laboratory-based process of platinum 
nanophase composite electrode prototype. 
 
Platinum nanophase composite electrode is suitable to produce hydrogen when used in a Solid 
Polymer Electrolyte (SPE) electrolyser, and the same nanophase composite electrode can be used to 
produce electricity from a Proton Exchange Membrane (PEM) fuel cell system. Two methods of 
environmental assessment were applied in each case study, the life cycle assessment and equivalent 
carbon dioxide emissions calculation and the Eco-99 indicator methodology. Trends and achievements 
determining the energy potential and sustainability management of platinum catalysed HFCT initiative 
underway in South Africa were also discussed. 
 
1.2. Problem statement  
 
Emerging as high concerns in the region are South African coal-based and gas supply security for 
energy supply and sustainability, and the growth of energy demand. The heavy South African carbon 
footprint and the related global climate change are also high concerns. The dependence upon fossil 
fuels will not endure forever. Crude oil reserves are depleting quickly, and in the process of being 
consumed, they are the cause of the majority of industrial greenhouse gas emissions (GGEs) giving 
rise to environmental concerns such as, the global climate change and the high intake rate of CO2 by 
the oceans, which is poisoning and making them acidic and reducing their ability to store more CO2 as 
well as jeopardising the submarine life equilibrium. Global environmental concerns due to GGEs are 
the motivation of driving the development of renewable energy technology. Among the currently 
developing renewable technologies, hydrogen fuel cell technology may be one of the most promising. 
As a part of this general thrust, the South African Department of Science and Technology is 
encouraging and funding the development of fuel cell technology. If successful within the sustainability 
and financial constraints, a well-developed hydrogen fuel cell technology for South Africa and the 
region, can decrease strain on the national economy, and cut down the country’s carbon footprint from 
coal-fired power generation. There is also the potential to improve the lifestyle and the economy in the 
remoter parts of the nation and the region by enabling on-site generation of electricity. 
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1.3. Background and Justification 
 
Energy is the lifeblood of the modern society, economy and development. Our work, spare time, and 
our economic, social and physical welfare all depend on the supply of a sufficient and uninterrupted 
energy. The challenge of the demand for energy worldwide is growing at significant rate. The European 
World Energy Technology and Climate Policy Outlook (WETO) predicted an average growth rate of 
1.8% per annum for the period 2000-2030 for primary energy demand worldwide. The increased 
demand is being met largely by reserves of fossil fuels that emit both greenhouse gasses and other 
pollutants. Those reserves are diminishing and they will become increasingly expensive. Gas fields 
expected to replace much of the current demand in oil and coal are also environmentally challenging 
as emit mainly carbon dioxide. In 2003, the level of carbon dioxide emissions per capita for developing 
nations was 20% of that for the major industrial nations. As developing nations industrialise, this will 
increase substantially (European Commission, 2003). By 2030, carbon dioxide emissions from 
developing nations could account for more than half the world’s carbon dioxide emissions. 
Industrialised countries should therefore lead the development of new energy systems to offset the 
substantial increase of CO2 emissions (European Commission, 2003). It is of utmost importance to 
have safe and clean energy resources. New technologies for the long-term supply of energy together 
with environmental sustainability are necessary as the world is confronted with critical challenges such 
as diminishing and increasingly expensive fossil energy as well as environmental damage caused by a 
series of pollutions, greenhouse gas generation resulting to climate change and global warming, 
droughts and floods, scarcity of pure water, high temperatures, UV exposure resulting cancers and 
more of other global environmental dilapidation threats. 
 
Despite the diversification of the South African energy systems, clean coal technologies, safe and 
efficient cooking fuels and appliances, bio-fuels, the pebble bed modular reactor and biomass, energy 
is often seen as a concern and a challenge to the local industry and the community at large (Mathe, 
2006). As early as 2008, Eskom was forced to step up investment in new capacity after power cuts 
paralysed the key mining industry. This had been a concern with the earlier forecast of 2007 indicating 
that Eskom would run out of excess of electricity generation capacity by 2008 (Mathe, 2006). From 
2011 onwards the energy supply was, and will continue to be seen as a serious concern until sufficient 
new power stations are built. The utility expects to continue trying to catch up until at least 2020 due to 
lack of investment in new capacity and ageing plants. Eskom’s chief officer for customer network 
business, Erica Johnson, was reported to have said that the company needs to build an additional 20 
gigawatts of power by 2020 and 40 gigawatts by 2030 to meet the fast growing countrywide energy 
demand (Mail & Guardian Online, 2010). Confronted with these real issues of energy supply shortages 
and the concern over the reduction of carbon emission, Eskom also started looking at renewable 
energy technologies including hydrogen and fuel cell technology (De bruyn, 2010). More than 75% of 
South African greenhouse gas emissions result from energy generation and notably only 2/3 of 
populations have access to electricity (Mathe, 2006). 
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The South African cabinet adopted hydrogen and fuel cell technology as one of the priority 
technologies to be developed in a bid to reduce the country’s dependence on coal-fired power 
generation, oil and gas. The Department of Science and Technology (DST) submitted this proposition 
initiated from the public and private sectors; and this has been seen as a significant competitive 
advantage for the global HFCT initiatives in view of the country’s abundant platinum metals deposits, a 
key raw material in fuel cells. Its objective is to foster proactive innovation and create knowledge and 
human resource capacity for industrial development with a South African advantage of PGMs 
abundance estimated of about 80% of the world’s reserves (DST, 2007). PGMs are the only metals 
used as electro catalysts for the efficiency of hydrogen fuel cell technology. A related objective for the 
country is to build sufficient capability to supply 25% of platinum catalysts to the global fuel cell 
technology industry by 2020. Moreover, South Africa aims to establish a base in hydrogen production 
and storage technologies, and to develop niche applications for regional needs. The country’s potential 
reserves in PGMs might result in the sector becoming a significant part of the national economy. The 
investment already done in this sector is around R400 million (approximately 56 million US dollars) to 
put in place the required research development and education infrastructure. Of the investment, 
around 80% is channelled towards technology and expertise development and 20% is used to 
stimulate private sector funding. Part of the funding will be used to establish basic hydrogen fuelling 
infrastructure to attract fuel cell vehicle manufacturers (UNU-MERIT, 2010). 
 
With the mandate given to pilot Hydrogen and Fuel Cell Technology (HFCT) research, DST has 
decentralised the research project into different and suitable sectors of development. Sectors are led 
by research institutions focusing on relevant technological, economic and social key competence areas 
to develop key concepts and components. The project is currently run by DST as the head project 
institution, and decentralised to Hydrogen Fuel Cell Technology (HFCT) competence centres (CoC’s) 
which are, Hydrogen South Africa (HySA) Systems hosted in the University of Western Cape, HySA 
Catalysis in the University of Cape Town/Mintek, and HySA Infrastructure in the North West 
University/CSIR. The three CoC’s function in a Hub and Spoke model. HFCT project is also 
collaborating with relevant national research institutions and companies in the private sector such as 
the Council for Scientific and Industrial Research (CSIR), South African Institute for Advanced 
Materials Chemistry (SAIAMC), South African Agency for Science and Technology Advancement 
(SAASTA), Anglo American Platinum Limited mining company, and other national research institutions 
and universities as well (HySA Systems, 2010). 
 
As already stated, PGMs and platinum in particular are the best suited metals suitable for electro 
catalytic activities. They are precious because they are of high, durable, economic value, and remain 
among the valuable metals used as investment commodities. With respect to chemistry, PGMs are the 
best metals to withstand corrosive resistance into acidic electrolytic environments to provide suitable 
and sufficient catalytic activities, and to produce hydrogen and electricity efficiently. High catalytic 
activities can be derived from PGMs incorporated into electrode membranes for electrolyser and fuel 
cell systems based Solid Polymer Membrane (SPE), also designated as Polymer Exchange Membrane 
or Proton Exchange Membrane (PEM). PEM hydrogen fuel cell technology (PEM HFCT) has the 
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largest global interest owing to its high energy efficiency, high power density, low temperature regime 
and absence of a hazardous electrolyte in comparison with other fuel cell systems (Rasten, 2001). 
Hydrogen, the fuel to fuel cell systems, has the most wide-ranging and diversified feedstock in nature, 
of which water is the cleanest and the most abundant. 
 
Producing hydrogen from water is one of the ambitious targets to the South African hydrogen economy 
set as priority research and development (R&D). With time water is expected to become the primary 
feedstock to produce hydrogen. The efficient production of hydrogen from water is yet to be overcome. 
Hydrogen produced from water by electrolysis process is the most environmentally friendly (DST, 
2007). The process involves PGMs as catalyst to increase the efficiency. A new approach in the use of 
PGMs for a better performance in the production of hydrogen by water electrolysis is to reduce PGMs 
into nanometre size (nanophase), then integrate them into electrodes with expectations of highly 
performance catalytic activity. In this study, an environmental assessment process for manufacturing a 
prototype platinum nanophase composite electrode locally-developed in South Africa was established.  
 
The present study further examined a growing concern for the environment in the process of extraction 
and recovery of PGMs. As a matter of fact, an upstream production disadvantage due to environmental 
impacts occurring in the process of smelting PGMs is the production of sulphur dioxide (SO2), a 
harmful greenhouse gas which is produced in tonnes per day and released into the air. The 
sustainability of the South African hydrogen economy with PGMs in the core process development will 
require a rethinking of the entire value stream of the industrial process in producing PGMs because 
their implication in developing clean technology to offset and mitigate existing environmental damage. 
This will call for an understanding of the relationships between various processes used to improve the 
quality of environment by mining companies (Carnell, 2010). To clarify this critical environmental issue, 
we conducted a study visit at the Rustenburg smelting section of the Anglo American Platinum. Anglo 
American Platinum is the largest global PGMs producer. 
 
1.4. Objectives, Goal and Scope of Study 
 
1.4.1. Objectives of Study 
The primary objective for carrying through this study was to quantify Carbon Footprint Equivalents, to 
identify and determine the most potential Environmental Impact Damages in the Life-Cycle of Platinum 
Group Metals with reference to hydrogen fuel cell technology fuel in development in South Africa, in 
the following: 
 Preparation of platinum nanophase composite electrode, developed in South Africa; 
 Industrial engineering process of recovering PGMs in South Africa. 
 
Secondary objectives were assigned in the following terms: 
 An attempt to discuss the potential energy capacity of the South African hydrogen fuel cell 
(HFCT) initiative, response to the global emerging HFCT sector. 
 To find out the current stage of advancement in the development of fuel cell technology and 
infrastructure for hydrogen storage and distribution, as well as the public awareness. 
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1.4.2. Goal of Study 
The goal of the research was to understand environmental impacts regarding local production activities 
and the use PGMs with respect to hydrogen fuel cell technology fuel in South Africa. The research 
sought to contribute to the clarification of the environmental sustainability of the national technology 
hydrogen fuel cell initiative. 
 
1.4.3. Scope of Study 
In this study models of emission assessments were developed for both analysed processes. Carbon 
Footprint Equivalents and Environmental Impact Damages of identified emissions were estimated. 
Attempts to discuss the potential “energy capacity” of the South African hydrogen fuel cell technology 
(HFCT) initiative, its sustainability management and its position within the global HFCT 
competitiveness trend were also thought through. Finally HFCT public awareness, an objective to the 
national HFCT initiative achievements, was looked into. 
 
1.5. Character of Research 
 
The character of this research study is environmental, which was achieved using Life Cycle 
Assessment (LCA) standard ISO14040 series and the Eco-indicator 99 methodology.    
 
1.6. Significance of the Study 
 
The application of expensive noble metals incorporated into membrane electrodes for the 
environmental friendly systems PEM fuel cell and SPE electrolyser provides the highest efficiencies. 
Much effort in terms of research has been undertaken to bring down to least possible the noble metals 
content in the membrane electrodes to reduce capital costs. This is possible by the use of 
nanotechnology in which chemicals are more or less involved. Chemicals are generally source of 
emissions. Arguing that the adoption of renewable energy systems as clean technology calls for the 
achievement of the ecology leg aims of sustainability. An environmental assessment over synthesizing 
nanophase composite electrode is therefore proved to be pertinent. 
  
On the other hand and objectively to the South African perspective, the engineering process of 
recovering noble metals has been critically reported with emissions that might have immediate impacts 
to the local environment. This needed to be assessed and understood in terms of environmental 
sustainability.  
 
1.7. Structure of the Study 
 
Chapter 1 has introduced the research topic. In chapter 2 an outline of hydrogen and fuel cell 
technology, motivations, opportunity, achievements, and challenges to overcome, in South African and 
global background information are presented. In Chapter 3 objectives and theories of methods and 
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tools used for life cycle inventory assessments, carbon footprint calculation and analysis of 
environmental impacts of emissions are presented. 
 
Chapter 4 details the preparation of the platinum nanophase electro catalyst composite electrode. The 
chapter also provides general principles and theories on catalysts, and catalytic activities in electrolysis 
cell and solid state electrolyser which produce hydrogen from water. Chapter 5 details an 
environmental inventory assessment in the preparation process of each component of the composite 
electrode as well as of the manufactured process of the electrode. Raw material, energy consumption 
and different types of emissions are analysed. An overall of equivalent carbon emissions is 
determined. 
 
Chapter 6 presents a discussion on environmental impact damages of emissions identified in the 
process of the preparation of the platinum nanophase composite electrode.  Chapter 7 is a descriptive 
and understanding of the engineering process of recovering platinum group metals, from mining to off-
gas handling operations. A process carried out at the Anglo American Platinum Ltd, South Africa. 
Chapter 8 details an environmental inventory assessment in the engineering process of recovering 
platinum group metals. Raw material, energy consumption and different types of emissions are 
analysed. An overall of equivalent carbon emissions is determined. 
 
Chapter 9 discusses environmental impact damages of emissions identified in the process of the 
engineering process of recovering platinum group metals. Chapter 10 is an overview of the current 
trend global of hydrogen fuel cell technology (HFCT) initiative and the South African HFCT initiative, 
response to the global emerging HFCT sector with intention to play a prominent role in the global 
HFCT local industry by virtue of the country's wealth in platinum metals involved in HFCT. The 
opportunity and potential of energy capacity of the South African HFCT initiative as well as 
sustainability of HFCT are discussed. In Chapter 11 an overview of the South African HFCT public 
awareness is provided and the current opinion is indicated. Chapter 12 is a summary of overall findings 
and conclusions and recommendations.  
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CHAPTER 2 
 
LITERATURE REVIEW 
CHAPTER 2: LITERATURE REVIEW 
2.1 Background  
 
In recent years interest in hydrogen has grown rapidly resulting to the development of the concept of 
hydrogen economy. The primary reason for this awakening is that hydrogen economy may be an 
answer to two challenges already faced by the world, which are growingly noticed nowadays. The first 
challenge is a severe series of environmental impacts resulting to climate change which is caused by 
greenhouse gas emissions (GGEs) formed by carbon dioxide (CO2) and equivalent carbon dioxide 
(CO2-eq) emissions. CO2-eq emissions are pollutants such as NOx, SFx, and SOx; they result both with 
CO2 emissions mainly by burning fossil fuels, coal and natural gas. The second challenge, not the 
least, is the need for security of energy and sustainability supply. The currently estimated worldwide 
use of energy is amounted beyond 320 billion kilowatt-hours a day. This number is projected to rise 
three-fold within the next century (Petrik, 2008). Both challenges are simultaneously emerging as high 
concerns challenging the global sustainable development. Both challenges require the development of 
clean, renewable and highly-efficient energy systems that are both neutral or low emitting CO2 and 
CO2-eq. 
 
Hydrogen economy may be a major key answer to strip off CO2 calamities and contribute to sustain 
energy security supply. Hydrogen economy is defined as the free CO2/CO2-eq emissions built-up 
system, in which one of the universal energy carriers is hydrogen, the other which is electricity. In 
hydrogen economy the two energy carriers will coexist with possibility to generate one another to 
provide, convey and store energy (Penner, 2006). Large investments worldwide have been made 
available to hasten the development of hydrogen economy. This haste is also backed by a predicted 
likelihood over the world oil supply to decline within the next 10 to 15 years; which could result a gap 
between the demand and the supply. The gap will surge oil costs and shortages likely (Petrik, 2008). 
 
The burning of fossil fuels without urgent measures to reduce carbon dioxide (CO2) emissions might 
cause CO2 concentration increase in the atmosphere within few decades with unacceptably severe 
consequences. The descriptively summarised findings (Figure 2.1) on the global flow of CO2 emissions 
from fossil fuels and burnt coal to the atmosphere, the CO2 exchange between plants and soil, the 
shallow and deep oceans exchange, stipulates that the burning of the entire world’s fossil fuel 
reserves, at any realistic rate, will not achieve a doubling of the existing atmospheric CO2 level and will 
the world’s temperature barely increase one half degree Celsius. It further explains that possible level 
increase of atmospheric CO2 is proportional to its release rate since its dilution by exchange with the 
land and ocean takes time approximately 4.1 years. The concern however about negative effects of the 
atmospheric CO2 lies on the fact that there is a strong evidence that the feedback from the increased 
atmospheric CO2, greenhouse gas formation, which traps the sun heat between earth and atmosphere, 
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brings an effective global warming with severe perturbations to the ecosystem balance with negative 
impacts to both biotic and abiotic components (Johnson, 2012). 
It is in a fast rate increase that fossil CO2 emissions have been observed. In the years 1988 - 1992, the 
atmospheric fossil CO2 emissions increased at a rate of 2.8 Petagrams (Pg) per year (1 Pg=10
15 grams 
= 1 billion to metric tons) (Fan et al. 1998) (Figure 2.2); by now, the atmospheric carbon dioxide is 
released at the rate of 7.7 -10 Pg, while the global CO2 in the atmosphere is amounted to 820 Pg or 
0.0164 percent of the total weight of the atmosphere, which represents 394 parts per million (ppm) 
(Johnson, 2012). All fossil CO2 emissions are not infused into the atmosphere. A certain amount 
valued between 15-30% in the global reports on annual CO2 emissions from fossil fuels and industrial 
activities, currently unidentified, is placed in terrestrial carbon sink. Some of the missing carbon 
emissions are sequestrated in the vegetation biomass. Industrialised nations, members of the United 
Nations Framework Convention on the Kyoto Protocol climate change, might inappropriately use forest 
biomass sinks to meet their commitments to reduce greenhouse gas emissions (Myneni et al., 2001).  
As regards the harmful effects of coal burning power generation, CO2 also has the effect of acidifying 
the oceans (Elhassani, 1982). And there is considerable concern about the levels of mercury poisoning 
entering the food chain via fishes, especially those which feed on smaller fish (Elhassani, 1982). 
 
Figure 2.1: the world carbon balance: CO2 emissions from fossil fuels and coal; CO2 exchange 
between atmosphere, plants and soil, shallow and deep oceans. Source: (Johnson, 2012) 
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Figure 2.2: Atmospheric carbon insertion rate by year from 1800 to 2007. Source: (Johnson, 2012) 
 
2.2 Global Perspective 
 
Aeronautics and chemical industry are the primary industries to use hydrogen intensively. Most world 
liquid hydrogen produced is used in space program. The chemical industry uses hydrogen as a 
reactant in manufacturing basic chemicals and intermediates, specialty chemicals and pharmaceuticals 
(Linde, 2001). Currently the dominant yielded production of hydrogen of about 53 million metric tons 
per annual is obtained at 96% from non-renewable sources mainly from natural gas reforming, oil and 
coal (Hypersolar, 2010). Much effort is put to free hydrogen production from fossil fuels and renewable 
clean processes to take over. Hydrogen is seen as the green and clean fuel which is in perfect 
harmony with environment and sustainable development (Vadas et al., 2007). Because of its efficiency, 
versatility, modularity, weightlessness, and wide-ranging available feedstock, hydrogen might become 
the universal fuel in future. Hydrogen satisfies to the requirements of an energy carrier which, in the 
long run, might meet all energy needs together with electricity. Such energy system would be 
independent of energy sources since both electricity and hydrogen can be produced from the most 
available primary energy sources and added to the energy supply mix (Barbir, 2005). 
 
Hydrogen and fuel cell technologies are the vehicle of hydrogen economy. In most countries the 
transport sector is the primary focus of hydrogen economy in terms of new fuel supply and traction 
systems. In the recent past, most perceptible applications in the fields of hydrogen production, 
hydrogen storage technologies and fuel cell catalyst technologies have come from the automotive 
industry (DST, 2007). The figure below shows the Japanese automotive industry, one of the pioneers 
in the development of hydrogen and fuel cell technologies. 
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Figure 2.3: Automotive industry patent applications in hydrogen production and generation, hydrogen 
storage technologies and fuel cell catalyst technologies. Source: (DST, 2007) 
 
Governments had invested significant efforts in terms multimillions in hydrogen and fuel cell technology 
development with expectation to grow into a multibillion dollar industry through applications in 
transport, portable and stationary power generation. Significant technological challenges are still to be 
overcome. Governments of many industrial and developing countries are racing in the mastery of the 
technologies suitable to develop their hydrogen economy. Among those are: 
 Iceland: New Icelandic Energy is the first enterprise created in the world to develop the production 
and distribution of industrial hydrogen to power all types of vehicles – terrestrial, maritime and 
aerial. This initiative marks the will of Iceland to become liberated completely from all fossil energy 
by 2040. Iceland is a country on which nature conferred the most assets to reach this objective 
since it is mostly an ice-mass on a volcanic cauldron. In fact, the geothermal power already 
provides 80% of the needs of residential heating and offices in Iceland, where otherwise the 
electricity is from hydropower. This program, which is spread over 40 years, is spear headed by 
the Icelandic Society New Energy, the Daimler Chrysler group, Shell Oil and the Norwegian Norsk 
Hydro. For the production of hydrogen, Iceland opted for hydrogen produced by electrolysis of the 
sea water (CEA – PM, 2002). 
 Japan: Nippon entered into a program called We-Net (World Energy Network), which started in 
the 1990s. It was also allocated a budget equivalent to $US 2,800 million for 20 years. This 
program aimed to establish, towards 2020, a complete energy system based on technologies of 
hydrogen, program active from production to use, while passing on transportation and distribution 
(Mahmah, 2005). Lately Japanese gas suppliers and oil companies were aiming to build about 
100 hydrogen supply stations at four key areas as part of the 2015 launch and mass production of 
hydrogen-powered fuel cell vehicles (AFP, 2010). 
 U.S: In his 2003 U.S President George W. Bush announced in a State Union Address, $1.2 billion 
allocated to the development of commercially viable hydrogen-powered fuel cell vehicles. In 2008, 
bush administration pledged $0.5 billion funding for the FreedomCAR initiatives to validate 
hydrogen fuel cell vehicles, which is superior to a 300-mile range and 2000-hour fuel cell durability 
(OECD/IEA, 2005). 
11 
 
 European Union: One of the recent hydrogen technology projects of the European Union is the 
Joint Technology Initiative (JTI), launched in October of 2008. Its main goal is to speed up the 
development of fuel cell and hydrogen technologies in Europe to enable their commercialisation 
between 2010 and 2020. All projects will be concluded by 2017. The total budget committed by 
the Commission is € 470 million to be matched by the industry partners. To achieve market 
breakthroughs, the project was divided into five application areas. These areas are transportation 
and refuelling infrastructures; hydrogen production and distribution; stationary power generation; 
and early markets, such as portable applications or small utility vehicles. The fifth application area 
focuses on cross-cutting issues, supporting research necessary for market creation, such as 
developing a life cycle assessment framework, training regulators or supporting small/medium-
sized enterprises (Mahmah, 2005). 
 
The potential market for fuel cell technologies and their related products might possibly surpass US$ 
2.6 trillion in assets by 2021 for the global hydrogen economy (Petrik, 2008). 
 
2.3 South African Perspective 
 
The intensive primary demand in energy of the South African economy rely highly on 71 percent of a 
low quality coal, highly emitting CO2, and 18 percent relying on imported crude oil (DST, 2007). 
Conversely the country has an abundance of natural potential resources such as platinum group 
metals with 75% of the world’s reserves (Figure 2.4), abundant solar power, ocean wave energy and 
large coal reserves that can all serve to provide alternative solutions through research and 
development initiatives (RDI) to alleviate on-going energy supply shortages and mitigate current GHG 
emissions. 
 
 
 
 
 
 
 
 
 
Figure 2.4: Distribution of the world’s supply of platinum group metals Source: (Hietkamp et al., 2006) 
 
The South African hydrogen fuel cell technology initiative (HFCT) is a national strategy response to the 
globally emerging HFCT sector. This was formulated by the public and private sectors and a group of 
affected stakeholders, which acknowledged that government needed to take the lead by funding an 
appropriate knowledge base and stimulate innovation processes which use platinum group metals 
(PGMs).  
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The acknowledgement by the South African Cabinet to the HFCT initiatives formulation was funded 
with expectancy in delivery such as thorough understanding of concepts of these new technologies, 
developing suitable policies, mobilising innovation in support of economic growth, establishing 
intellectual property support platform, stimulating the development of technology-based services, 
products and enterprises, and encouraging investment. South African HFCT initiatives is a ten year 
running project (2008-2018) which is defined as one of the edge initiatives technology piloted by DST. 
The primary objective of the South African HFCT initiatives was to hoist the country to the ranks of 
leaders in the development of HFCT technologies (Mange, 2010). The strategy of medium to long term 
aims to successfully implement the following indicators: 
 Commercial application of research that results the creation of sustainable businesses and 
employment; 
 Development of a pool of skilled researchers and technicians; 
 Quality and quantity of intellectual property held by South African institutions; 
 Measurable impact on the quality of life of affected communities through improved standards 
of living, a cleaner environment, better access to suitable energy services and employment. 
With the mandate given to pilot HFCT initiative, DST decentralised the research project into different 
and suitable sectors of development led by relevant institutions for conducting research to develop 
applicable key technology concepts and components to enhance economy and social development 
strategies. The most publicly known of these institutions are:  
 
 Hydrogen South Africa Systems (HySA Systems). HySA is a centre of technology validation and 
systems integration of competence on hydrogen and fuel cell technology. Established in 2007, the 
centre is located at the South African Institute for Advanced Materials Chemistry (SAIAMC), at the 
University of Western Cape (UWC). At its launch by DST in 2008, the centre had 15 years of 
existence for HFCT research, development and innovation. HySA systems’ vision is to bring about 
wealth creation through the development of a new high technology industries based on the South 
Africa PGMs minerals; this will objectively be achieved in validating technology and integrated 
systems in three key HFCT programmes namely combined heat and power, portable power and 
hydrogen fuelled vehicles. Four key technologies research on membrane electrode assemblies 
(MEAs) for high temperature application at 120°C to 180°C PEM fuel cells, going namely metal 
hybrids for hydrogen storage and compression and Palladium-based membranes for reformer 
systems,  and electrode materials for Lithium-ion batteries are to be developed, prototyped and 
tested (HySA Systems, 2010). 
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Sketch of platinum catalysed in the fuel cell development process. From the ore extracted to the use of 
platinum fuel cell (Figure 2.5). 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.5: Integration process of platinum in a fuel cell with several applications. 
Source: Adapted from (Pasupathi, 2009) 
 
 South African Institute for Advanced Materials Chemistry (SAIAMC) is also one of the leading 
technological research institutes in South Africa. From the time when inaugurated within the 
University of Western Cape in 2003, SAIAMC aimed the development of applications of advanced 
materials based on South African natural resources with a creative vision of a new interface 
between research activities and industrial development. Research activities at SAIAMC are in 
synergy relationship with the needs of industry; positioning the institution at the forefront of 
research and development (R&D) in advanced materials in South Africa. SAIAMC’s research 
activities are primarily focused on novel energy generation technologies, among which are the 
production, separation, extraction and storage of hydrogen gas from various sources available. 
SAIAMC is assisting HySA Systems with fuel cell testing, electrolysis workstations and fuel cell 
modelling workstation (HySA Systems, 2010). 
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2.4 Hydrogen, Fuel and Energy carrier 
 
2.4.1 Introduction 
 
Hydrogen is the relevant fuel for sustainability when it comes at the potential reserves of its primary 
resources. The most abundant, available and carbon-free hydrogen feedstock is water. The production 
process of hydrogen from water is known as water electrolysis (Figure 2.6). The electrolysis of water 
attracts important investments worldwide to improve its efficiency. South Africa has aligned itself 
among the nations, which mainly focus their research efforts in the production of hydrogen from water. 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.6: Hydrogen production from water. Source: (blewbury, 2010) 
Hydrogen is the simplest, lightest, safest, and the most abundant natural renewable element in the 
universe. Hydrogen accounts for 93% of the total number of atoms and 76% of the total mass of 
normal matter in the universe. Hydrogen is the fuel for most stars, including the sun. The extremely 
high temperatures and pressures in the heart of stars cause hydrogen atoms to fuse together to 
creating helium and to release heat and light. On earth, hydrogen occurs mostly in combination with 
oxygen as water – which covers some 70% of the planet’s surface. Free hydrogen accounts for a mere 
0.00005% of the earth’s atmosphere (Campbell, 2009).  By its natural advantages, hydrogen is not 
seen just as a vital element for the living beings, but also as a clean energy carrier. The production and 
use of hydrogen as an energy carrier will contribute to energy solutions, which will provide social 
benefits, revamped new business competitiveness as well as environmental responsiveness. The use 
of hydrogen and fuel cell technologies as clean and renewable energy will, therefore, be the solution in 
the reduction of the greenhouse gaze emissions, deforestation and oxygen production. 
 
2.4.2 Hydrogen, Energy Carrier 
 
Hydrogen has often been seen as energy carrier and since, countless attempts had been undertaken 
to validate hydrogen as labelled, through R&D (Penner, 2006). The earliest endeavour for hydrogen to 
machinery was to develop a hydrogen engine. This occurred in 1820 when the Reverend W. Cecil 
presented the work of his research before the Cambridge Philosophical Society in a paper titled “On 
the Application of Hydrogen Gas to Produce Moving Power in Machinery”, when later he began an 
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attempt to develop hydrogen vacuum engine which was burning a hydrogen-air mixture (College on the 
desert, 2001). 
  
In the 1860s and 1870s, the German scientist Otto, the inventor of the Otto cycle, reportedly used a 
gas for fuel composed of 50% hydrogen but then found it dangerous to work with. 
  
In 1937, Sikorski examined the use of hydrogen as a fuel for helicopters before the air zeppelin 
disaster occurred at Lakehurst (Figure 2.6). Zeppelin was one of dozens of hydrogen airships that got 
destroyed by fire as consequence of hydrogen’s highly flammable lifting gas (Penner, 2006). Apropos, 
hydrogen might probably not burn and create fire, but it could easily trigger a flux of heat and led easily 
to a real fire. Hydrogen can build up fast even throughout a narrowed space (Blewburry, 2010). From 
this early misguided record with hydrogen, and alternatively the successful invention of the carburettor, 
a new era commenced in which gasoline could be used practically and safely to the expense of other 
fuels, such as hydrogen for instance. Since then hydrogen was intensively used for the space program 
because of its best energy-to-weight ratio over any other fuel (College on the desert, 2001). 
 
Figure 2.7: Hindenburg, a hydrogen-filled passenger airship which caught fire and was completely 
consumed in one minute when ending its first transatlantic voyage at Lakehurst in 1937.   
Source: (Blewbury, 2010) 
 
2.4.3 Safety with Hydrogen  
 
A strongly emphasised safety requirement for both storage and use of hydrogen will be needed for a 
hydrogen-led economy. At first introducing the concept of the hydrogen economy, a confusing popular 
linkage of the term was made with hydrogen bomb or H-bomb from nuclear fusion of hydrogen 
isotopes. This being not the case, however the following are more realistic concerns with reference to 
safety in regard to hydrogen economy (blewbury, 2010): 
 Hydrogen mixed with air can explode; and in the presence of such explosive mixture, very little 
thermal energy might set off an explosion. Except for acetylene, hydrogen possesses the widest 
explosive-ignition characterising with its easy and fast space diffusion; sealing in the storages, is 
therefore a matter of extreme caution. 
 Hydrogen may well accidently spill and catch fire; a similar scenario that can likewise occur with 
petrol. Hydrogen, however, presents the advantage of being much lighter than air and can then 
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rise quickly. This results to less and limited damage compared to petrol and oil that spread across 
the ground fire at one go. 
 Hydrogen is colourless and odourless, and if released permeates the air very rapidly. A 
disadvantage of hydrogen is that its flame is well-nigh invisible and then difficult to avoid. This may 
be illustrated by the described case of Lakehurst hydrogen-filled passenger airship accident in 
figure 2.7. 
 
2.4.4 Hydrogen Production 
 
Hydrogen can be produced from a very broad range of resources in nature. Three kinds of the 
following primary energy-supply system may be developed to implement hydrogen economy (Penner, 
2006): 
 Nuclear reactors: fusion nuclear reactors or fission reactors and breeders. 
 Fossil fuels: coal, petroleum, natural gas, and as yet mostly unexploited supplies such as oil from 
tar sands, shale oil, natural gas from geo-pressured locations. 
 Renewable energy sources: hydroelectric power systems, wind-energy systems, ocean thermal 
energy conversion systems, geothermal resources, a host of direct solar energy-conversion 
systems including biomass production, photovoltaic energy conversion, solar thermal systems, 
water electrolysis, etc. 
The Figure 2.8 illustrates some hydrogen feedstock and process alternatives: 
 
 
 
 
 
 
 
 
 
 
Figure 2.8: Some hydrogen feedstock and process alternatives. Source: (OECD/IEA, 2005) 
 
According to the International Energy Agency (OECD/IEA, 2005), each technology above is at a stage 
of development and offers unique opportunities, benefits and challenges, local availability of feedstock, 
maturity of the technology, policy issues and costs influence. The choice and time to opt for a hydrogen 
system production depend on evoked considerations. 
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2.5 Hydrogen Fuel Cell Technologies 
 
2.5.1 Fundamentals  
 
Hydrogen is considered a fuel when looking at its flammability quality. In fact, in combustion engines 
terms, it is not difficult to run an internal combustion engine using hydrogen. Furthermore, hydrogen 
has a superior energy-to-weight ratio compared to that of alternative fuels. However the difficulty is the 
lack of the development of such engines. In effect, hydrogen requires very low energy in order to 
achieve ignition and is lower than what is required for a petrol engine. It suffers however from problems 
such as premature ignition and flashback caused by hot spots on, or hot gases in, a cylinder; the only 
currently known alternative in using hydrogen is in a fuel cell. Fuel cells directly convert chemical 
energy into electrical energy. A fuel cell has no moving parts, it is quiet and reliable (Campbell, 2009). 
 
A fuel cell is an electrochemical cell in which the chemical reaction energy causes the break-up of 
hydrogen and oxygen molecules into ions and electrons; these are directly collected as electric current 
without the need for burning fuel or to create steam or gas that drives a generator (Figure 2.9). Fuel 
cells take in hydrogen and oxygen (air) and turn them into electricity, heat and water (Figure 2.10) 
(EERE, 2010). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.9: Basic principle of a PEM Fuel Cell.  Source: Adapted from (Hietkamp et al., 2006) 
 
Hydrogen fuel cells for electrically powered industrial vehicles cars replace lead acid batteries. Such 
vehicles run longer and faster than trucks with other types batteries and refuel in a fraction of the time 
resulting in significant increases in productivity (peswiki, 2010). 
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Figure 2.10: Operating diagram of an electric vehicle powered with fuel cells. Source: Adapted from 
(Nolan, 2002) 
 
 
2.5.2 Type of Hydrogen Fuel Cell Technology – Advantages of the PEM Fuel Cell over the 
others 
 
Fuel cell technology has different types, all currently going in various stage of improvement. They are 
described as follow (Maeda, 2003): 
 
2.5.2.1. Alkaline Fuel Cells (AFCs) 
AFCs are the earliest fuel cell technologies developed (Figure 2.10). They were first widely used in the 
U.S. space program to provide electrical energy and water on-board spacecraft. AFCs use water for 
electrolyte in which potassium hydroxide (KOH) can be used to support electrolysis. AFCs can also use 
a variety of non-precious metals as catalysts at the electrodes. AFCs can operate at temperatures 
between 23°C to 70°C and in the high-temperatures between 100°C and 250°C. AFCs have 
demonstrated efficiencies up to 60% in space applications. Their disadvantage is in being easily 
poisoned by CO2 even with a small amount in the air intake that can affect them and their lifetime as 
well. The purification method of AFCs is also costly (EERE, 2010). Figure 2.9 details the functioning of 
the alkaline fuel cell. 
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Figure 2.10: Working diagram of Alkaline Fuel Cell.  
Source: (EERE, 2010). 
 
2.5.2.2. Phosphoric Acid Fuel Cells (PAFCs) 
PAFCs (Figure 2.11) are a type of fuel cells that uses liquid phosphoric acid as electrolyte and they fit 
for medium to large-scale stationary combined heat & power, and are fuelled with hydrogen mostly 
generated from the reform of natural gas. They were the first and the most mature fuel cell technology. 
PAFCs are 85% efficient when used for cogeneration, but only 37-42% efficient at generating electricity 
(EERE, 2010).  
 
Figure 2.11: Working diagram of PAFC Fuel Cell.  
Source: (EERE, 2010). 
 
2.5.2.3. Solid Oxide Fuel Cells ( SOFCs) 
SOFCs (Figure 2.12) are characterised by the use of a solid oxide or ceramic electrolyte with 50-60% 
efficiency. SOFC presents advantages of high efficiency, long-term stability, fuel flexibility and relatively 
low cost, and are also the most sulphur-resistant fuel cell type. SOFC can operate at very high 
temperatures around 1000°C. High temperatures allow fuel cells to operate with no need of precious 
metals. The largest disadvantage is the high operating temperature that results long start-up times and 
mechanical and chemical issues (EERE, 2010). 
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Figure 2.12: Working diagram of SOFC Fuel Cell.  
Source: (EERE, 2010). 
 
2.5.2.4. Molten Carbonate Fuel Cells (MCFCs) 
MCFCs (Figure 2.13) are very high-temperature (650°C) fuel cells using an electrolyte composed of a 
molten carbonate salt mixture suspended in a porous chemically inert ceramic lithium aluminium oxide 
matrix (LiAlO2). MCFCs present significant cost reductions and can attain efficiencies of about 65% 
when coupled with a turbine. Unlike most of types of fuel cells, MCFCs do not require an external 
reformer to convert more energy-dense fuels to hydrogen; this is recreated by an internal reforming 
process due to the high-temperatures operating conditions, which reduces the operating costs as well.  
The main disadvantage of MCFCs is non-durability due to very high-temperatures in which the cells 
operate, and this result to breakdown and corrosion decreasing cell life (EERE, 2010). 
   
 
Figure 2.13: Working diagram of Molten Carbonate Fuel Cell.  
Source: (EERE, 2010). 
 
2.5.2.5. Polymer Electrolyte Membrane Fuel Cell (PEMFC) 
In the beginning PEMFCs (Figure 2.14) were developed for activities in space. They were first 
exploited in orbit aboard US Gemini V spacecraft in 1965. After two decades, the Canadian firm Ballard 
Power Systems will launch a full-scale PEMFC and unquestionably proved the high power density by 
21 
 
integrating Dow membranes in their fuel cells. US Los Alamos National Laboratory would then 
demonstrate possibilities of sensibly reducing the amounts of platinum in the cells. This demonstration 
turned to the starting point of the global race to the development of PEMFC by the private sector 
(Maeda, 2003). 
 
 
Figure 2.14: Working diagram of Polymer Electrolyte Membrane Fuel Cell.  
Source: (EERE, 2010). 
 
PEM are typically electronic insulators and gas-tight (hermetic), but endowed with ion (proton) 
conducting capacity via fast diffusion through the electrodes. The cell combinations are commonly 
named after the solid electrolytes they utilize (Lessing, 2007). PEM fuel cells are receiving a global 
outstanding amount of attention. PEMFCs use an electrolyte solid polymer and porous carbon 
electrodes containing platinum as an electro catalyst. The advantages of PEMFC over the other types 
are many as, low operating temperatures and high power density, low weight and volume, and they 
only use hydrogen and oxygen to function. PEMFCs are technologically adaptive to miniature scaled 
technologies and serve a broad range of applications including fuel cell cars and portable batteries, 
apart from industrial purposes (EERE, 2010). 
 
2.6 Platinum Group Metals 
 
2.6.1. Platinum Group Metals in the Mendeleev Table   
 
Platinum is one of a group of six metals designated as platinum group metals. The other five metals 
are known as iridium (Ir), osmium (Os), palladium (Pd), rhodium (Rh), and ruthenium (Ru). PGMs 
locate in rows 5 and 6 of Group (VIII) through (X) in the Mendeleev Table (Advameg, 2012). PGMs are 
also divided according to their densities into a heavy group, comprised of Pt, Ir and Os, and a lighter 
group, covering Pd, Rh and Ru (Mudd and Glaister, 2010). PGMs are often referred as noble metals as 
they nearly do not interact with other elements or complex molecules. They have a proven outstanding 
corrosive and oxidation resistance as well as a chemical inactivity that account for their uses in high-
tech instruments such as laboratory equipment (Advameg, 2012). Platinum, a silver-grey shiny metal, 
has both malleable and ductile physical properties. By its malleability, platinum can be hammered and 
reduced into less than 100 atoms. This is thinner than aluminium foil. The ductility of platinum allows it 
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to be drawn into threads, wires or thin sheets. Platinum has a melting point of about 1,773°C and 
boiling point of about 3,827°C and is amongst the heaviest atoms with a density of 21.45gr/cm3. With 
respect to its chemical properties, platinum is a relatively inactive metal and it is not attacked by most 
acids, except that it dissolves in aqua regia and in very hot alkalis such as sodium hydroxide or 
limewater (Advameg, 2012) 
 
2.6.2. Platinum, an Electro Catalyst 
 
The primary use of platinum and other PGMs is as catalysts. They are used to quicken or to slow down 
chemical reactions without experiencing any alteration themselves (Advameg, 2012). In regard to their 
electrochemist activity in PEM fuel cell and SPE electrolyser, platinum metals in the form of 
nanostructures, are used to enhance the rates of the half reactions at the cathode for the reduction of 
oxygen, water, either to hydroxide (OH−) or hydrogen peroxide (H2O2). 
 
2.7 Nanotechnology 
 
2.7.1. Introduction 
 
Nanotechnology, sometimes abridged to nanotech, is an emerging field of applied science and 
technology in which operating on material is achieved at the scale of group of atoms and individual 
molecules, between 0.1 to 100 nanometres. The concept of nanotechnology was first admitted in an 
after-dinner speech entitled “There’s Plenty of Room at the Bottom” delivered in 1959 by the physicist 
and Nobel Prize Laureate Richard Feynman to the American Physical Society (Nalwa and Singh, 
2007). Feynman deliberated that a more powerful form of synthetic chemistry relies in a direct 
manipulation of individual atoms than those used at the time (Feynman, 1959). In 1985, the landmark 
to nanotechnology was then laid down with the initial discovery of the fullerene C60 by Kroto et al. 
(1996). The outstanding man-made fullerene C60 engendered the field of nanotechnology, for not of 
which the authors won the Nobel Prize in Chemistry (Nalwa and Singh, 2007). The word nanometre 
derives from the Greek term Nanos meaning dwarf and equals to one billionth of unit of length, the 
metre. The field of nanometre technology or nanotechnology is undoubtedly the most commercially 
viable technology of the 21th century, since it is already used to improve a variety of ordinary 
consumables (Hristozov and Malsch, 2009). Nanostructured materials are produced in bulk and a cost 
effective may be derived thereof. This might provide an advantage to technologies such as fuel cell 
which can be imparted both an enhanced catalytic activity and cost effective. 
 
2.7.2. Nanostructured Materials 
 
2.7.2.1. Nanomaterial and Nanoparticle 
A nanomaterial is a man-made material. Nanoparticle however can either be man-made or naturally 
produced during the eruption of a volcano for example. Both man-made nanoparticles and 
nanomaterials are developed in nutshell technique approaches also called nanotech engineering. 
Nanomaterial is defined as having at least one of its three dimensions in nanoscale (length, width or 
depth); whereas a nanoparticle possesses at least two of its dimensions in nanoscale (Hristozov and 
Malsch, 2009).  
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Millimetre 
Metre 1 metre A man is between 1.4 to 2m tall  
10-3 metre Head of pin is 1mm wide  
(1 mm = 1/1,000 metre) 
Micrometre 10-6 metre A human hair is 80µm wide  
(1 µm = 1/1,000,000 metre) 
Nanometre 10-9 metre A DNA double helix is 2 nm wide  
(1 nm = 1/1,000,000,000 metre)  
(Some man-made nanostructured materials are, nanobelts, nanospheres, nanoshells, 
nanodots, nanocones, nanopipes, nanosieves, nanoneedles, nanocubes, 
nanopeapods, nanocages, nanorings, nanobowl, nanobeads, nanoprisms, 
nanosprings, dendrimers, nanocoils, nanoassemblies, multilayers, thin films, 
nanobars, nanoalloys, nanocomposites, nanohybrids, functional nanodevices, 
molecules, atoms, etc.)  
2.7.2.2. Techniques and Methods applied in Nanotechnology 
Nano-scale materials divulge exclusive and considerably superior properties over their micro-scale and 
bulk counterparts (Nalwa and Singh, 2007). The surface characteristics, molecular alignment, and 
diameter size of nanomaterials are determined using techniques and methods such as atomic force 
microscopy (AFM), transmission electron microscopy (TEM), scanning electron microscopy (SEM), 
high–resolution transmission electron microscopy (HRTEM), Brünauer–Emmett–Teller method (BET), 
scanning electron microscopy–energy dispersive X-ray spectroscopy (SEM–EDS), etc. (Nalwa and 
Singh, 2007). 
The following figure 2.15 illustrates the types and sizes of materials classified according to scale of 
length. 
 
 
 
 
 
 
 
 
    
 
Figure 2.15: Length scale from metre to nanometre (10-9 m) with specific illustrations. Source: (Adapted 
from: Nalwa and Singh, 2007) 
 
2.7.2.3. Advantageous characteristics of nanomaterials  
Advantageous uses of nanomaterials can be illustrated as when opaque substances like copper 
become transparent, or inert materials like platinum become catalyst, or solids like gold liquefied at 
room temperature, or insulators like silicon become conductors, or stable materials like aluminium 
become combustible (Hristozov and Malsch, 2009). 
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2.7.2.4. Nanotechnology areas of application 
Ordinary consumables have been developed using nanotechnology methods. Some of these 
consumables are the following (Hristozov and Malsch, 2009): 
 Military Neutralization materials for chemical weapons, or bullet-proof protection; 
 Engineering Lubricant-free bearings; protective coatings for tools; 
 Chemical magnetic fluids; Adhesives; composite materials; Impregnation of papers; 
 Electronics Optical switches; Data memory; Fibre-optics; Displays; Transistors; 
 Environmental Toxic exposure sensor; Fuel changing catalysts; Green chemistry; Soil and 
groundwater remediation; Environmental monitoring 
 Energy Fuel cells; Batteries; Capacitors; 
 Textiles Smart clothes (stain resistant, anti-wrinkle, temperature controlled); Surfaces 
coatings 
 Medicine In-body diagnostic systems; Drug delivery systems; Rapid testing systems; 
Prostheses and implants 
 Household Ceramic coatings for irons; Cleaner for glass, metals; Odor removers 
 Sports Tennis balls and rackets; Antifogging coatings for glasses, goggles; Antifouling 
coatings for boats 
 
2.7.3. Toxicity and Risk Exposures of Nanostructured Materials on Human Health 
 
As previously stated, nanoparticles formation can occur naturally and artificially built in laboratory. 
Naturally, nanoparticles are created as by-products after events such as forest fires, volcanoes or 
combustion. Man-made nanomaterials are manufactured through a series of bottom-up methods and 
have therefore a discontinued built nature which brings about challenges with their alignment, 
assembly and processing into applications (Dzenis, 2004). Processing and using nanostructured 
materials have been speculated with human toxicity exposure ever since. In effect, the intake, inhaled, 
or skin intrusion of nanoparticles into the human body is somehow inevitable. The risks of potential 
hazards might be attributable to nanostructured materials as they interact with organs such as lungs, 
liver, heart, kidney, blood, or spleen, via drugs, drink or food in day-to-day activities or in industrial 
manufacturing processes (Nalwa and Singh, 2007). 
  
Hazards from nanostructured materials might be seen as adverse effects which can also be associated 
with environmental and/or human exposure. Earlier, environmental and health risks of many of 
nanomaterials were considered to be rather speculative than realistic. In the last few years however a 
series of experimental studies unluckily found that the exposure to some nanomaterials can lead to 
adverse health effects in the living organisms (Hristozov and Malsch, 2009). Many risk assessment 
studies have been conducted to identify the types of exposures related to nanostructured materials. 
Among these countless studies, the following can be cited: 
 An in vivo study of 0.5mg.kg-1 single-walled carbon nanotubes (SWCNTs) on mice and rats 
caused lesions and interstitial inflammation after 7 to 90 days (Lam et al., 2004).  
 A Dose-and time-dependent drop in cell adhesive aptitude and inhibition of cell proliferation in 
human embryo kidney cells were observed after exposure to the carbon nanotubes SWCNTs 
concentrations ranged from 0.8 to 200µg.mL-1 (Cui et al., 2005).  
 An exposure to zinc oxide (ZnO) nanoparticles (<1.0µm aerodynamic diameter) were tested 
with effects on individuals exposed to 5mg.m-3 after 2 hours and they observed symptoms of 
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chest stiffness, aching throat, chills, fever and headache also known as metal fume fever 
(Gordon et al.,1992; Beckett et al., 2005). 
 Adverse effects of lacrimation, salivation, hypoactivity, ataxia, discoloured and mucoid feces, 
emesis, exophthalmos, infected sclera, and yellow eyes were observed in dogs after single-
dose intravenous bolus administration of 20 and 200 mg.kg-1 iron oxide (FeO) nanoparticles 
and a significant increase in fetal skeletal malformations in rabbits and rats (Bourrinet et al., 
2006). 
 An exposure to smaller Silicon dioxide (SiO2) nanoparticles caused strong lung inflammation in 
rats than larger counterpart particles (Warheit et al., 2006). 
 
2.8 Sustainability Management of PGM-based Fuel Cells 
 
2.8.1 Sustainability Management 
 
2.8.1.1 Definition 
Sustainability management addresses issues of both management and sustainability through a 
threefold domains of management namely, economy, social and environmental. With regard to 
environmental management, the need can be viewed from different standpoints. A more common 
viewpoint and motivation behind environmental management is the concept of carrying capacity. This 
refers to the maximum number of living organisms a specific resource can sustain. Environmental 
management is therefore the conservation of all the biotic and non-biotic components in the 
biophysical environment, rather than the conservation of the environment solely for the environment's 
sake (Wikipedia, 2011b). 
 
2.8.1.2 Sustainability Management of the Global Production of PGMs with regard to Hydrogen 
Economy 
The hydrogen economy could be fast attained if only needing to rely on the broad available hydrogen 
feedstock which do comprise, as earlier stated, hydrocarbons or fossil-fuel reserves, nuclear fission 
products, natural gases and renewable resources. The hydrogen economy has however rated its 
objective very high in terms of its ecology leg among the three components defining sustainability. 
Furthermore, technologically, hydrogen-economy idealists are striving to find out viable materials to 
sensibly cut the cost affordability to the PGM fuel cell technology and turn it to an unquenchable 
profitable creative technology in which the hydrogen economy will also meet social and environmental 
needs (Pennel, 2006). In the current stage of building the hydrogen economy, the following three key 
major factors are to be addressed:  
 Sustainability of the global PGMs mining industry; 
 Efficiency of production of hydrogen from renewable resources; 
 Cost cutting of the production of platinum catalysts membranes. 
 
With regard to the long term supply and sustainability, concerns such as the mining cycle of PGMs or 
the oxymoronic sustainable mining of the global PGMs reserves have been debated (Mudd, 2009b). 
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i The Mining Cycle 
The mining cycle; which is the modern mining industry, processes from exploration and deposits 
discovery to evaluation through development to operation and ending with rehabilitation. Mining cycle 
is this recurrently evolving cycle of the deposits discovered and developed against the known resource 
prospected remaining which is a key issue surrounding resource availability and/or depletion (Mudd, 
2009a).  
 
ii The oxymoronic sustainable mining of the Global PGMs reserves 
Mining consists of extracting resources which are finite and non-renewable; mining therefore is 
regarded as unsustainable since its natural capital depletes. A paradox however around the history of 
the mining industry is that the current global mining activity is larger than ever and produces minerals 
that are to dwarf the rate of previous generations of mines. There are evidences of some numerous 
mineral commodities that have shown growth in some known economic resources over recent decades 
in some countries, as the increase in demand has promoted exploration, technology and price. 
Moreover, it is obvious that historical patterns of mineral resources and development cannot absolutely 
be expected to endure unchanged into the future. Then again it is acknowledged that the primary 
drawbacks encountered to mining in the future may vary from resource availability, social or 
governance issues in one region, to energy or water resources in another, or may as well be subjected 
to geographical global occurrences (Mudd, 2009b). The capacity to ensure to sustain the mining 
industry will have to include available resources at former mining and milling sites. In this case the 
concept of sustainable mining can be brought back to first principles of balancing environmental 
potential, compliances, social and economic risks (Mudd, 2009b). The need to shift modern mining to a 
more sustainable framework had been debated the past decade. Deliberations around the approach to 
sustaining the mining activity are so far largely dependent on whether the view is from government, 
industry, or civic groups. In addition, some of the concerns often raised embraces declining ore grades, 
available economic resources, economic parity and sharing of risks and benefits, environmental and 
social impacts during and after mining and the increasingly large scale of significant volumes of waste 
rock and overburden produced (Mudd, 2009b). The global sustainability mining is subjected to clarify 
substantive perspectives of the evolving trends on environmental burden per unit mineral produced, 
the short to long-term environmental and social impacts versus the larger scale of current mining 
benefits, as well as the analysis on whether mining can ever truly be a sustainable human endeavour 
(Mudd, 2009b). 
 
2.8.2 The Potential Reserves of the World’s PGMs 
 
The sustainability of PGM-based fuel cell technology is basically subjected to the potential of the 
natural capital of the World’s PGMs. Dominant PGMs producers are progressively raising a capital 
reserve of platinum metals for the global HFCT industry. According to Mudd (2009b), it is significant to 
recognise that resource issues such as ore grade declination, increase of more energy and water 
consumption and environmental issues are possible constraints on future PGMs production. The rate 
of PGMs production growth may also be constrained by demand which is foreseen. South Africa, for 
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instance, prepares to make reserves available to supply 25% of the global catalyst demand for the 
HFCT industry by 2020 (Mange, 2010). In the current stage of HFCT development, the share of the 
globally produced PGMs is as yet at an insignificant level for the HFCT industry (Table 2.2). It is 
obvious that the 2020 target will bring about more efforts and pressure to the South African mining 
industry to increase the production with more environmental responsibility and more social 
responsibility to handle. 
 
The global supply of PGMs (Table 2.1) is largely dominated by South Africa due to its large economic 
reserves in the stratiform deposits built with Precambrian mafic to ultramafic layered intrusions known 
as the Bushveld Complex. South African PGMs reserves are estimated to be 71,000 tonnes whilst the 
global reserves are estimated to be 80,000 tonnes (Mudd and Glaister, 2010).  
 
Table 2.1: PGMs production and resources in 2007 by country (Mudd and Glaister, 2010) 
Country 
Production Reserves b Reserve base b 
t Pt t Pd t PGMs t PGMs t PGMs 
South Africa 165.83 86.46 310.92 63,000 70,000 
Russia 27.00 96.80 138.30 6200 6600 
Canada 6.20 10.50 20.20 310 390 
Zimbabwe 5.30 4.20 11.00 - - 
United States 3.86 12.80 - 900 2000 
Columbia 1.40 - - - - 
Australia ~0.90 a ~0.73 a - - - 
World 212 219 509 71,000 80,000 
a Assuming Australia is credited with PGMs extracted from ores and concentrates exported to Japan. 
b They are broadly similar to reserves and resources as used in South Africa, Canada, Australia, and 
elsewhere. With t= tonne metric, Pt=platinum, Pd=palladium. 
 
2.8.3 Recycling of PGMs 
 
Sustainability of PGMs will need to find means feasible means of economic recovery of the precious 
metals used for diverse industrial purposes. As stated by Thomas (2009), important recovery sources 
of platinum would probably be coming from automotive catalytic converters in which platinum and 
iridium have been used as catalysts. The current global automotive industry accounts for 38% of the 
global platinum consumption together with palladium and iridium (Figure 2.17 & Table 2.2).  
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Figure 2.16: Platinum demand by use, 1975-2008. Source: (Mudd, 2009b)  
 
Figure 2.17: Platinum Demand by Use & recycling (2009-2011). Recycled platinum reaching nearly 
25% of the total produced in 2011. Adapted from Table 2.2 of this study. 
 
Table 2.2: Global demand for platinum: 
   Source: (Butler, 2012) 
Platinum supply and Demand 
‘000 oz 
Supply 2009 2010 2011 
South Africa 4,635 4,635 4,855 
Russia 785 825 835 
Others 605 590 790 
Total Supply 6,025 6,050 6,480 
Gross Demand 
Autocatalysts 2,185 3,075 3,105 
Jewellery 2,810 2,420 2,480 
Industrial 1,140 1,755 2,050 
Investment 660 655 460 
Total Gross 
Demand 
6,795 7,905 8,095 
Recycling (1,405) (1,830) (2,045) 
Total Net 
Demand 
5,390 6,073 6,050 
Movements in 
Stocks 
635 (25) 
430 
 
                                                             
-40%
-20%
0%
20%
40%
60%
80%
100%
1405
1830
2045
1140 1755
2050
660 655
460
2810 2420
2480
2185
2420
3105
Year
Platinum demand by Use & Recycling (,000 oz) 
Recycling Industrial Investment Jewellery Autocatalyst
Platinum Supply by Region 2007-2011 
Source: (Butler, 2012) 
Gross Demand for Platinum 2007-2011 
Source: (Butler, 2012) 
29 
 
To date, the automotive fuel cell still requires more than ten times the amount of platinum used in a 
catalytic converter (Debe, 2012). This is raising concerns whether the recycling of platinum will 
sufficiently help to sustain fuel cell development (Master muffler, 2001). On the other hand, a realistic 
view of this issue is that fuel cell technology is new technology and as such, it will not enter the global 
marketplace overnight, but rather gradually, over years or not to decades (Thomas, 2009). The 
previous figure 2.16 showed a spread curve over the decades global of platinum autocatalysts 
promptly growing in demand. 
 
Autocatalysts for the past 3 years consume an average of 39% of the global produced platinum (Figure 
2.17). A more effective recycling of platinum autocatalysts would help to improve the supply. In 2011 
the gross demand for platinum was increased by 2% to close to 8.1 million ounces and platinum 
recycling rose by 7% upgraded to 6.48 million ounces with an observed market price of USD 
1,364/ounce by the end of 2011 (Butler, 2012). 
 
2.9 Current Endeavours to cut down platinum load into the membrane electrodes 
 
2.9.1 Introduction 
 
As already stated, PGMs are the only metals to withstand electrolytic acidic conditions when used in 
membrane electrodes. The uneven disparity of their global deposits, of which 96 percent is exclusively 
found only in four countries (Figure 2.4) with a highly expensive refining process, promotes intensive 
research to cut down platinum load into membrane electrodes. Catalyst alloys composed of platinum 
and other metals have been envisaged. 
 
2.9.2 International Endeavours 
 
Wang at al. (2012), a research team at the Energy Materials Centre at Cornell University (EMC2) had 
developed platinum-cobalt nanoparticles with a platinum enriched shell to enhance and optimise 
nanocatalyst performance and durability of catalytic activity for the oxygen reduction in fuel cell 
application. The observation of Pt-metal disordered alloys instigated the development of a new class of 
Pt-Co nanocatalysts composed of ordered Pt3Co intermetallic cores with a 2-3 atomic-layer-thick 
platinum shell. The material exhibited over 200% increase in mass activity and beyond 300% increase 
in specific activity when compared with the Pt3Co alloy nanoparticles or Pt/C. The oxygen reduction 
reaction exhibited the highest mass activity among the Pt-Co systems under similar conditions. Stability 
tests showed a minimal loss of activity after 5000 potential cycles and the ordered core-shell structure 
was preserved virtually undamaged. According to Charnot (Green Car Congress, 2012) the new 
material could reduce five times the cost factor of the fuel cell membrane electrodes and provides a 
new path for catalyst performance optimization. 
 
A team of researchers from University of Houston, Technical University of Berlin Germany, and 
Department of Energy’s SLAC National Laboratory CA have developed a new material built with 
nanoparticles having a core made of a copper-platinum alloy and an outer shell of mainly platinum onto 
carbon supports. Once a cyclic alternating electric current is applied to the cooper-platinum alloy, the 
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copper departs from the outer surface region and gives a platinum-rich outer layer. The catalytic 
performance of the material is up to 0.49 amperes per milligram of platinum. The researchers believe 
that it should be possible to increase the catalytic activity of the material. The material brings hope to 
the U.S. Department of Energy’s 2015 target.  Such catalyst may give the advantage of a low cost 
competitiveness with regard to the amount of platinum involved. The material has been tested in 
working fuel cells and providing stable electrochemical activities that can be expected in real fuel cells 
today. It was further found that the way x-ray beams are scattered by copper-platinum nanophase 
catalyst shows that the distance between the platinum atoms left on the surface is shorten than in pure 
platinum atoms. As much as a catalyst must be able to split up oxygen into ions and electrons, just as 
hydrogen, without binding too strongly the freed atoms, cooper-platinum catalyst had shown the most 
weakly binding with the oxygen atoms making the new catalyst more efficient (Patel, 2010).   
 
A different new type of catalyst material has been developed at the Massachusetts Institute of 
Technology to succeed water electrolysis processes at room temperatures with relatively low electric 
energy needed.  Another advantage is that the material can split water using only 1 Volt rather than 1.6 
volts in the case of more conventional methods. Given the working temperature range of the material, 
a solar system may be a primary energy source to adequately supply energy to the fuel cell system 
using this electro catalyst. A solar voltaic system can supply adequate energy during the day and 
promote the collection of amount of hydrogen which can be used at night to produce electric by fuel 
cell (Gache, 2008). 
 
An iron-based catalyst developed by a group of researchers at General Motors has been experienced 
for PEM fuel cell, when carbon low-nanotube catalysts and nickel catalysts have been tested for 
alkaline fuel-cell. A General Motors team is looking at possibilities to develop alternative non-platinum 
catalysts nickel and cobalt based. In addition the research aimed at solving the problem of the stability 
of the core-shell structure (Patel, 2010). 
 
2.9.3 South African endeavours  
 
A prototype of nanophase Pt electrocatalysts composite electrode developed in South Africa by Petrik 
et al. (2008) had resulted in highly active Pt electro catalysts that can be incorporated into composite 
electrodes to produce hydrogen by water electrolysis. With high electro activity between 8.2 and 8.9 
jmA-1cm-2 at -1.5V slightly lower than 9.7jmA-1cm-2 of the industry standard Johnson Matthey, the 
developed Pt nanophase electrode had shown current densities of about 600mAcm-2 higher than that 
achieved by the electrode synthesized with the commercial Johnson Matthey Pt/C catalyst, which 
attained a current density of 317mAcm-2 under similar conditions. 
 
The South African Anglo American Platinum has launched the prototype of a first fuel cell powered 
underground locomotive, which was developed in collaboration with the Vehicle projects, Trident South 
Africa, and battery electric. The bid to these innovative locomotives is starting to provide the company 
with an opportunity to mine platinum in a more economic, energy-secure and environmentally caring 
way. As fuel cells provide power 24-7, and because there is no need to change or recharge the battery, 
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this will mean less downtime and increased productivity, an important advantage to business benefits 
as well (SAinfo reporter, 2012). The Anglo American Platinum had also acquired a 17.5% stake in 
Johnson Marthey, a global leading producer of platinum electrocatalysts. Furthermore, through the first 
investment in its Platinum Group Metals Development Fund (PGMD Fund), Angloplat together with US-
based Altergy Systems have announced a partnership with DST to establish a new company called 
Clean Energy Incorporated to market and distribute fuel cells in South Africa. This venture would be 
followed by local manufacturing of fuel cells for the sub-Saharan region by 2013. Both DST, through 
the Technology Innovation Agency, and the PGMD Fund would invest in the company and, along with 
Altergy, would each receive an equity position in Clean Energy (Venter, 2010). 
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CHAPTER 3: METHODOLOGIES: LIFE CYCLE &ENVIRONMENTAL IMPACTS, ASSESSMENTS 
3.1. Life Cycle Assessment (LCA) 
 
3.1.1. Life-Cycle Inventory Analysis/Assessment (ISO 14040): Definition, Goal and Scope  
The life-cycle analysis (LCA), also known as ISO 14000, is a method in which raw material and energy 
consumption, types of emissions and other major factors related to a specific product are being 
measured and analysed over the entire product life cycle from an environmental point of view (Bras 
and Roman, 2006). 
 
3.1.2. Life Cycle Inventory Analysis (ISO 14041) 
The inventory analysis, for such specific products or techniques, consists of developing a process tree, 
also called flow-material chart, in which all processes from the raw materials extraction and input 
materials through operation, to final product, waste recycle, disposal treatment, and emission are 
mapped out and connected, and mass and energy balances are closed (Bras and Roman, 2006). The 
Life Cycle Inventory Analysis (LCIA) of a single or a simple set of unit processes (Figure 3.1) may be 
established using a simple input/output balance sheet analysis. In the case of more complex LCIA 
processes however, LCIA analysis can be achieved through specific and appropriate LCA tools such 
as ‘Umberto for carbon footprint software package’. Umberto for carbon footprint package is introduced 
in 3.1.5. 
                                                       
3.1.3. Impact Assessment (ISO 14042) 
The impact assessment consists of translating into environmental effects all emissions and 
consumptions from the inventory assessment. 
 
3.1.4. Improvement Assessment/Interpretation (ISO 14043) 
In this stage areas for improvement are identified. 
 
  
 
 
 
 
 
 
Figure 3.1: Input/output of a single stage or unit operation or unit process in a flow chart. Source: 
Adapted from (Bras and Roman, 2006) 
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3.1.5. Umberto for Carbon Footprint Software Package 
  
3.1.5.1. Introduction 
Umberto software package series is among the world-class used LCA software packages. Umberto is 
a registered trademark of the German Company ifu Hamburg GmbH, one of the European leaders in 
LCA software solutions, operating in the domain of LCA for the past 20 years. The Umberto is a helpful 
tool which is used by LCA professionals, scientists and manufacturing companies. Umberto trademark 
comprises a number of product packages which are specifically designated for different approaches in 
the LCA analysis, defined as follow: 
 Umberto LCA: LCA analysis, resource productivity and energy efficiency. Versions have been 
developed such as: Umberto NXT LCA, Umberto for Efficiency, Umberto for Eco-efficiency and 
Umberto for Education. 
 Sabento: Assessment and modelling of biotechnical production processes.  
 Umberto for Carbon Footprint: modelling and optimizing carbon footprints. 
 e!Sankey: drawing software tool: to visualise cost, material and energy flows. 
 
Umberto primarily establishes an LCIA over a product’s cycle of life and identifies where it is possible 
to improve emission reduction and the cost effectiveness of the manufacturing process. LCA 
improvement is with reference to minimising emissions, energy and other superfluous material 
consumptions, throughout the product’s life cycle.  Umberto software packages are developed to 
steadily integrate sustainability and productivity solutions analysis and optimisation of the use of the 
product’s raw materials and the optimisation of energy efficiency during manufacture (Ifu Hamburg, 
2011). The Carbon Footprint version of Umberto packages is the version used in this study. Data from 
the Umberto database consists of values of carbon dioxide equivalents for processed materials and 
techniques, but this was considered a secondary data source in the two case studies of this research 
study.  
 
3.1.5.2. Concepts of Carbon Footprint and Equivalent Carbon Dioxide 
i. Carbon Footprint  
Carbon footprint is the measure of the total amount of direct and indirect CO2 and CO2eq emissions 
caused by an organization, a person, or a manufactured product, and therefore their impact on global-
warming (Lewis, 2012).  Carbon dioxide (CO2) is the most dangerous of airborne GHG because of its 
pervasiveness and long-lasting existence in air which is estimated to be over a century (100 years). 
The other greenhouse gases such as methane (CH4), nitrous oxides (NOX) and chlorofluorocarbons 
(CFCs) have a greater degree of harmfulness than CO2; yet, they do not last longer than CO2 does. 
 
ii. Equivalent Carbon Dioxide (CO2-eq) 
‘Equivalent Carbon Dioxide’ refers to an amount of emissions describing, for a given mixture, an 
equivalent amount of CO2 that would have the same global warning potential measured over a 
timescale generally of 100 years (Wikipedia, 2011c). 
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3.1.5.3. Features of Umberto for carbon footprint software 
 
Umberto for Carbon Footprint is based on the LCA software Umberto, and is tailored exactly so to be 
used for doing carbon footprint analysis and calculation, in an efficient and comfortable way. Umberto 
for carbon footprint software is a graphical modelling tool able to develop product’s life cycle analysis 
which is established in a mapping network model interface (Figure 3.1). The user interface is intuitive 
for easy calculation of carbon footprints of product life cycle models or organisations. It also provides 
illustrative visualisations of carbon emissions for better understanding of processes and potentials; this 
is an approach to optimise costs and processes by resource productivity. Umberto for carbon footprint 
comprises a database built from the Publicly Available Specification 2050 (PAS 2050), GHG Protocol 
Product Accounting & Reporting Standard and ISO 14067. It includes about 4000 materials with global 
warming potential (GWP) values from the eco-invent database. Functionalities in Umberto enable easy 
identification of hotspots via modelling and analysis, calculation and visualization are gathered within 
the graphical modelling interface. An analysis well done provides a clear input-output balance sheet of 
all material flows. Umberto for carbon footprint also includes an e!sankey diagram tool that provides an 
easy graphic overview of numerical quantities of material and energy flows (Figure 3.2). 
  
Figure 3.1: User interface of the Umberto for carbon footprint. It is a flow-material mapped presentation 
within a graphical modelling interface. Umberto establishes the input/output balance sheet and carbon 
footprint calculation sheet, which can be displayed at the bottom of the interface. 
Source: Umberto and the current study (8.1.7). 
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Figure 3.2: Ore concentration phase in the PGMs life cycle mining process; developed through 
Umberto for carbon footprint software. The stylish diagram, which is provided by e!sankey 
functions within Umberto quantifies the flow of data. 
Source: Umberto and the current study (8.3.1) 
 
3.1.5.4. Carbon Footprint calculation  
The carbon footprint calculation in Umberto can only be initiated after the completion of the mapping 
out life cycle diagram and the production of the input-output results.   The carbon footprint over a final 
product is the total amount of individual carbon footprint value of each material examined in the 
Umberto database or manually input as a new material with a defined carbon footprint value. CO2 
values within the Umberto for carbon footprint database refer to direct and/or indirect emissions of the 
materials after being manufactured, extracted, or treated. 
 
Figure 3.3:  Carbon Footprint calculation in a PGMs mining process resulting from a developed life 
cycle inventory through Umberto for carbon footprint software. 
Source: Umberto and the current study (8.1.2.2) 
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3.1.5.5. Limitation to accurate use of the Umberto database 
The limitation to accurate use of the Umberto database may be seen in terms of data adaptation. In 
essence, Umberto database comprises data which are obtained from specific processes developed 
from different regions of the globe. The challenge is sometimes in the understanding of conditions / 
methods by which they were obtained. This may be lead to a misguided choice in case of similar 
processes. For example, when considering emissions from burning wood in different regions may 
involve dissimilar wood species which can distort the results. There will therefore be some assumed 
unknown margin of errors from adaptation that may be difficult to estimate. 
 
3.2. Environmental Impacts Assessment: Eco-Indicator 99 Methodology 
 
3.2.1. Introduction 
 
The ‘Eco-indicator 99’ method of environmental impact assesses the life cycle impact of a product or a 
process. The method can be considered a valuable tool for determining the environmental impact of 
new and existing processes and products. This can only be applied after the development of an 
inventory analysis, by which input-output materials and processes are known. The Eco-indicator 99 
method of assessment can be used to assist in making decisions that can lead to significant 
environmental improvements. 
 
3.2.2. Fundamentals of the Eco-indicator 99 methodology 
 
As stated by Pré Consultants (2001), the Eco-indicator 99 overcame a difficulty in the LCIA method 
which occurs in the weighting step of the ISO 14040 method. The eco-indicator 99 methodology 
considers the weighting step as the starting point (Figure 3.4). Weighting step consists of damage 
analysis to establish the most important impact categories defined or identified as human health, 
ecosystem quality and resource extraction. 
3.2.3. Damage category Human Health 
 
Damage to human health is expressed as DALY (Disability Adjusted Life Years). According to Pré 
Consultants (2001), a human is identified as a member of the present or a future generation. His health 
may be damaged and suffer consequences either by reducing duration of life, or by causing 
disabilities. Up to the current knowledge, the environmental sources of damage on human health are 
mainly the following: 
 Climate change: causing respiratory and cardiovascular diseases, infectious diseases, as well 
as forced relocation. 
 Ionising radiation: causing cancer. 
 Ozone layer depletion: causing cancer and eye damages. 
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Figure 3.4: Graphical presentation of the Eco-indicator 99 methodology; 
Source: (Pré Consultants, 2000) 
 
3.2.4. Damage category Ecosystem Quality 
 
Damage to ecosystem quality is expressed as the percentage of species that are threatened or that 
have disappeared in a certain area due to the environmental load. The issue of analysing ecosystems 
is very complex. It challenges us to assess all of the different kinds of damage relating to this. Damage 
to ecosystems is measured using methods such as (Pré Consultants, 2001): 
 Ecotoxicity: is a method that determines the Potential Affected Fraction (PAF) of species with 
regard to toxic substances concentration. 
 Acidification and eutrophication: are observed effects. Methods used to make these particular 
observations use complex biochemical mechanisms. The Eco-indicator 99 method observes 
these effects on plants. From these observations a probability of occurrence (POO) translates 
to Potential Disappeared Fraction (PDF), of specified plant species in a specified area. Not all 
plant species are greatly affected. The damage to modelling acidification and eutrophication 
refers to NOX, SOX and NH3 depositions.  
 Land use: The information gained by use of the PDF as indicator for the damage of all species 
can be broken down into four different categories: 
1. The local effect of land occupation 
2. The local effect of land conversion 
3. The regional effect of land occupation 
4. The regional effect of land conversion 
 
The Ecosystem quality damage category, using both PAF and PDF, is the most challenging of the 
three damage categories (Pré Consultants, 2001). 
 
3.2.5. Damage category Resources 
 
The Eco-indicator 99 methodology deals effectively with damage resources relating to minerals and 
fossil fuels. Silvicultural and agricultural biotic resources, mining of resources such as gravel and sand, 
are perceived as effects, basically being covered by land use. 
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Eco-indicator 99 has not yet been used to model biotic resources which are extracted directly from 
nature such as wild plants, game, and fish. 
 
3.2.6. Damage Category Units and Normalisation 
 
As already mentioned, Eco-indicator 99 methodology suggests three simplified categories of damage, 
namely: damage to human health, damage to ecosystem quality and damage to resource extraction. 
All the three damage categories have different units. A suggested normalisation of units is defined as a 
set of dimensionless weighting factors which unifies the three damage categories into a single 
dimensionless scale (Pré Consultants, 2001). 
 
3.2.7. Modelling Uncertainties 
 
According to Pré Consultants (2001), the main types of uncertainty considered are both operational 
and fundamental. The operational uncertainty deals with technical uncertainties in the data. The 
fundamental uncertainty, the most important for eco-indicator 99 methodology, is based on the 
correctness the methods developed. Factors modelling uncertainties to damage cannot be expressed 
as a range, given that a model assumption is correct or not. In order to cope with the fundamental 
uncertainties, three perspectives were proposed. The three perspectives are defined as follows: 
 Egalitarian (E) 
Egalitarian is a long time perspective in which even a minimum indication which is scientifically 
based, justifies inclusion. 
 Individualist (I) 
Individualist is a short time perspective in which only proven effects are included. 
 Hierarchist (H) 
Hierarchist is a balanced time perspective in which consensus among scientist determines 
inclusion of effects. 
 
As stipulated by Pré-consultants (2001), the use of the three perspectives means that there are three 
possible ways of modelling an uncertainty. Eco-indicator 99 methodology has recommended the three 
perspectives in the form of the following principles: 
 As there are three damage models considered, there are also three normalisation sets. This is to 
say that each model offers a different possible unit of measurement. 
 The perspectives are used to guide decision in making subjective choices in the damage model. 
These perspectives are abbreviated to H, E and I as defined above. 
 There are four versions of weighting sets abbreviated to H, E, I and A representing the three 
versions subgroups which are considered adhering to perspectives, and an average weighting A.   
Hypothetically, the combination of any couple perspective-normalisation set is possible; but the most 
relevant are the following (Pré Consultants, 2001): 
 The Hierarchist damage model and normalisation, or H perspective with the average weighting 
(H,A). This is considered as default combination. 
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 The egalitarian damage model and normalisation, or E perspective with the egalitarian 
weighting (E,E). 
 The individualist damage model and normalisation, or I perspective with the individualist 
weighting (I,I).  
 A fourth theoretical version can be made of the Hierarchist damage model and normalisation 
with the Hierarchist weighting (H,H). 
 
3.2.8. The Units of Eco-indicators 
 
Standard Eco-indicator values are considered as dimensionless figures.  This is the easiest way to 
compare different types of compounds regardless their physical natures. Eco-indicator point (Pt) is the 
unit-name to express Eco-indicator damage factors; whereas milli-point (mPt) is the practical unit used 
in Eco-indicator lists. 1Pt is equivalent to 1000mPt   (Pré Consultants, 2000). 
 
3.2.9. Operating Instructions for Environmental Impact Assessment 
 
The correct application of the Eco-indicator 99 method for an environmental impact assessment is 
ensured by the following steps which must always be followed (Pré Consultants, 2000): 
1. Establish the purpose of the Eco-indicator calculation  
This step consists of describing a product or a product component or a process which is being 
analysed. It also refers to whether an analysis of a specific product is being carried out or it emanated 
from a comparison between several products. The step ends in defining the level of accuracy required. 
 
2. Establish the life cycle analysis 
This step is the development of the life-cycle analysis of the assessed product, material, or process. As 
defined in the previous chapter, the life cycle analysis is the method wherein raw material and energy 
consumption as well as different types of emissions and other significant aspects related to the specific 
product were determined, analysed, and summoned over the product’s life cycle from an environmental 
point of view. 
 
3. Quantify materials and processes 
The quantification of each component involved in the process tree of a developed material or a 
technique, occurs within functional units or single stages or units operation or transitions (Figure 3.1). 
All single stages of a process tree may be summarised into an input-output balance sheet. In practice, 
the development of the life cycle of a product or a technique, not all the details are known; a few 
estimates is therefore suggested by the user who approximates missing data from similar components. 
Estimates can also be suggested because of the omission of a component; this must be of minor 
contribution. Quantifying materials and processes can help in identifying all relevant processes, and 
allows building assumptions for missing data. 
 
4. Filling in the form 
Filling in the form consists of: 
 writing down the materials and processes in the Form and entering their amounts; 
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 finding relevant eco-indicator values and inserting these in the form; 
 calculating the scores by multiplying the amounts by the indicator values found in eco-
indicator 99 methodology report (Pré Consultants, 2001), eco-indicator 99 methodology 
annex (2001) and eco-indicator 99 manual for designers (Pré Consultants, 2000); 
 At last the adding together of the subsidiary results. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.5: Environmental Impact Assessment Form. Source: (Pre consultants, 2000) 
 
5. Interpreting the results 
This step is to combine provisional conclusions with the results, to check the effect of assumptions and 
uncertainties and to improve conclusions. This ends by verifying whether the goal of the calculation is 
met. 
 
Each and every material used is comprised in phases which may vary given the number of stages 
analysed by the life cycle of the product or technique analysed. Each material is multiplied with its 
corresponding weighted damage factor (indicator) provided by eco-indicator 99 methodology list 
reports (Pré Consulants, 2000, 2001).  
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CHAPTER 4: CASE STUDY 1: DEVELOPMENT OF PLATINUM NANOPHASE ELECTRO CATALYST COMPOSITE 
ELECTRODE 
4.1. Introduction 
This chapter describes the technical aspects of a research laboratory of the platinum nanophase 
electro catalyst composite electrode by Petrik et al. (2008) in South Africa. The preparation of the 
composite electrode prototype was successful and the achievement of high performance catalytic 
activity had resulted. 
 
4.2. General Principle of Catalysts 
Catalysts are substances that can react with more than one reactant in chemical solution to compose 
intermediate chemicals; these in their turn react to produce the final (end) chemical product and also at 
the same time the original catalyst chemical is restored. The net result is a faster chemical reaction, 
using less energy and a cheaper end product. 
Equations eq1, eq2 and eq3 can be considered to illustrate such a process in which ′′ and ′′ are 
reactants, and ′′ is the end product. 
′	′ is the catalyst.  
The activity of the catalyst ′	′ can be adapted from Wikipedia (2011a) as follows: 
 + 	→ 	          1 
 + 	→ 	 = 	 2 
 	→  + 	      3 
The catalyst reacting in the first reaction (eq1) is reproduced in the end (eq3) together with the final 
product. The inherent role of catalysts in participating in a chemical reaction is in dropping the energy 
of level of a reaction. In practice, it happens sometimes that a fraction of the catalyst vanishes during 
the process. However a correct analysis of this observation may be attributed to the exhaustion of 
catalyst with a physical loss.  
 
One thing to be wary of is that a catalyst can become inactive if poisoned by impurities within the 
electrolyte. 
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Figure 4.1: A different reaction pathway opened in the presence of a catalyst, dropping the energy 
activation Ea. Source: (Wikipedia, 2011a) 
 
4.3. Hydrogen Produced by Water Electrolysis 
 
4.3.1. Fundamentals of Electrolysis Effect 
 
When a salt such as Sodium Chloride (NaCl) or Potassium Hydroxide (KOH) is dissolved in a solvent 
such as water, this yields positively and negatively charged ions as the action of dissolving breaks the 
molecule bonds of the salt. NaCl for example dissolved into water splits to Na+ and Cl- ions. Likewise 
KOH dissolved into water to provide K+ and OH- ions. The final solution, comprising a mix of free and 
bound molecules and atoms and free ions constitutes an environment that is called an electrolyte. This 
allows the conduction of electric current and favours reactions of reduction (equation 4.1 below) and 
oxidation (equation 4.2 below) in solvents. 
 
4.3.2. Electrolysis cell 
 
An electrolysis cell (Figure 4.2) is an electrochemical cell that undertakes a reduction/oxidation 
reaction, also known as redox reaction, which occurs when the cell is subjected to a voltage. 
Oftentimes an electrolytic cell is used to decompose chemical compounds in a process known as 
electrolysis (McGraw-Hill Encyclopaedia, 2005). As a voltage is applied to across two electrodes that 
are inserted into the electrolyte, an electric current passes through the electrodes as two chemical 
reactions take place, one at each electrode. The first reaction, called reduction, promotes the 
production of hydrogen molecule gas at the negative electrode also called cathode (Figure 4.3). The 
reduction involves two free electrons which enter the electrolyte through the cathode. This comprises 
the electric current. The reaction is expressed by the following equation 4.1: 
2 + 2
  + 2     (4.1) 
 
The second reaction, called oxidation, promotes the production of oxygen molecule gas at the positive 
electrode, also called anode (Figure 4.3). The oxidation is expressed by the following equation 4.2 as 
the two electrons pass out of the electrolyte into the anode: 
2     +  + 2     (4.2) 
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Figure 4.2: Alkaline Electrolysis Cell         Figure 4.3: Reduction/oxidation reactions 
Source: (McGraw-Hill Encyclopaedia, 2005)             Source: (Ceragem-Kangen Wellness, 2011) 
  
The electrical cost implicated in the process of hydrogen production is in large measure a function of 
the cell potential (Petrik, 2008). By definition, the cell potential refers to the potential difference (or 
voltage) between the two electrodes of a cell. It is therefore indispensable, as referred by Petrik (2008) 
that more research should focus on minimization of the required cell efficiency / power consumption. 
This efficiency (power consumption) is affected by the electrode material selected and is related to the 
cell resistance (R). The cell resistance (R) is a function of cell design and temperature, and the type 
and concentration of the electrolyte. The lower the resistance, the more chemical end product is 
produced for a given amount of power and a given voltage, because the quantity produces is largely 
determined by the total current that passes through the system. 
 
4.3.3. Solid State Electrolysers 
 
A conventional alkaline electrolysis cell has a minimum resistance to current of 0.2 Ohms to 0.4 Ohms 
which cannot be reduced any further except if a solid state polymer electrolyte (SPE) electrolyser is 
adopted. The solid state electrolyte (SPE) electrolysers are based on reverse fuel cell systems known 
as Proton Exchange Membrane (PEM) electrolysis units. The application of highly active nanophase 
composites materials (Petrik, 2008) can further reduce the charge transfer resistance (resistance) of 
the electrodes. 
 
4.4. Platinum Nanophase Composite Electrode 
 
Nanophase electrode material for high electro catalytic electrolytic activities can be made of noble 
metals, which are predominantly platinum group metals (PGMs). The participation of platinum 
nanophase electrodes for electrochemical reaction of water lowers energetic transition states or the 
activation energy of water molecules thus reducing their chemical binding potential energy (Figure 4.1). 
This will result in optimization of hydrogen production for a given energy consumption. Nanophase 
catalyst electrodes also reduce the noble metal content of the electrodes which also reduces the 
capital cost of hydrogen generation. 
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The production of hydrogen by water electrolysis is a non-polluting process. The electrolysis cell 
equipped with nanophase composite electrodes satisfies environmental sustainability requirements 
either at zero or insignificantly low GHG emission. It is therefore important to identify emissions, to 
estimate energy consumption, and to determine the overall carbon equivalent of chemicals used during 
the manufacturing process of nanophase electrodes with a view to finding the optimum environmentally 
sound and efficient process. This will be resolved by an environmental impact assessment which is 
also scope of this treatise / study. The development of platinum nanophase composite electrodes was 
conducted in South African a laboratory in Cape Town (Petrik et al., 2008). This environmental 
assessment aims to summarise the overall environmental impact of producing such electrodes. 
 
4.5. Preparation of the Platinum Nanophase Electro Catalysts Composite Electrode 
 
4.5.1. Hypotheses Tested During the Development Process 
 
The theoretical hypotheses tested by the researchers and the objectives of the research team, (Petrik 
et al. 2008), are given below. 
1. The electrochemical production of hydrogen is possible by water electrolysis. 
2. The efficiency would be greatest if the nanophase-scale active components   were highly dispersed 
on the electrode.  
3. The efficiency of the highly dispersed nanophase composite electrodes should be made possible 
by depositing nanophase catalyst metals onto inorganic supports such as the mesoporous matrix 
support of ultra-fine particles. 
4. Such a matrix can provide suitable enhanced catalytic reactivity characteristics of the nanophase 
metals. 
5. To prevent the aggregation of unstable and highly dispersed nanophase composites during water 
electrolysis, a gas diffusion substrate support of porous micro-texture and interfacial interactions 
would have to be provided.  
6. This might be the carbon-supported platinum nanophase electro catalyst (Pt/C), a similar substrate 
to the carbon nanotubes.  
 
OBJECTIVES 
 To reduce both the power consumption and electrolyte concentration needed by the hydrogen 
extraction process. 
 The preparation of the platinum nanophase composite electrode is critical to the innovation 
process and successful commercialisation of the hydrogen fuel cell technology. In order to achieve 
this, high current densities would have to be produced using low energy input. 
 The electrodes would have to work effectively using low concentration electrolyte and operating at 
low temperatures. 
 The resulting process could have to be simple, safe, and convenient to use.  
 A relatively low power source, which might come from a renewable energy source, should, if 
possible, be enough to power the process.  
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 A successful development of such electrodes may therefore result a large commercialization 
potential. 
 
4.5.2. Development of the Hexagonal Mesoporous Silica Matrix (HMS) 
 
4.5.2.1. Introduction 
Hexagonal Mesoporous Silica (HMS) is a matrix of the kind needed to develop a nanoscale structure 
material (Figure 4.4). It is a mesoporous molecular sieve that creates hydrogen pathways (known in the 
literature as wormholes) to the exclusion of larger molecules. It was first reported by Tanev and 
Pinnavaia (1996). HMS is of great interest in the area of catalysis owing it to its thicker framework wall 
and its response as a catalyst, showing performance by its thermal stability and wormhole framework 
structure (Youn Ko et al., 2000). 
 
 
 
 
 
 
Figure 4.4: The Hexagonal mesoporous Silica structures.  Source :( Han et al., 2009) 
 
HMS is not commercially available and the challenge to the research team was to produce their own. 
This was achieved by the team because it was noted that HMS can be synthesized in the laboratory as 
reported by Youn Ko et al. (2000). The HMS preparation process is schematically described in the life 
cycle inventory shown in Figure 5.1, a flow chart that was developed by our own assessment using 
UMBERTO software.  
 
4.5.2.2. The preparation of the Hexagonal Mesoporous Silica matrix  
HMS, as reported in the literature (Youn Ko et al., 2000), can be prepared as follows: 
1. 1-dodecylamine (C12H27N) is considered as template; 
2. Tetraethyl orthosilicate (TEOS) as source of silicon;  
3. The template removal can be achieved by ethanol (ETOH); 
4. TEOS (44.6mL, 0.20mol) can be added to a well-stirred solution of 1-dodecylamine (10.0g, 
0.054mol) in ETOH (105.5mL) and H2O (106.7mL) all at once at room temperature; 
5. The whole mixture is stirred up for approximately 18h at room temperature to obtain a solid 
component;  
6. This is filtered, washed with the deionised water (800ml) and dried at room temperature for 
24h;  
7. Thereafter the solid component can be placed in a soxhlet extraction for 4h whereby a pale 
yellow solid of about 21.4g and 500mL of Ethanol are disjointedly obtained;  
8. The yellow solid is then dried at 80°C for 3h and heated in hot air rising at a rate of 2°C/min to 
630°C. After 4h this provides 9.60g of a white solid. 
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The reported physic-chemical parameters of HMS are given as 1142±19m2/g of surface area, as 
measured by the BET method, and 0.67mL/g of micropore volume with 41Å of average of pore 
diameter (Youn Ko et al., 2000). 
 
4.5.3. The Development of the Hexagonal Mesoporous Silica-Supported Platinum Nanophase 
Material (HMS-Pt) 
 
There was some indication that chloroplatinic acid hexahydrate !". 	$%. 6 can serve as source 
of platinum; this information was successfully used to prepare HMS-Pt by incipient wetness 
impregnation upon the mesoporous HMS matrix (Petrik et al., 2008). As further described by Petrik et 
al. (2008), 0.1545 Molar concentrations of Chloroplatinic acid hexahydrate 
0.1545* !". 	$%. 6 solution was prepared by adding exactly 12.45 ml of deionised water into 
1.00g of Chloroplatinic acid  !". 	$%. 6 . 2ml of the obtained 0.1545* !". 	$%. 6  were 
thereafter used to be impregnated into 1.00g of HMS support. Two methods were then used to reduce 
Pt salts into Pt metal nanoparticles deposited onto the HMS matrix. These methods were namely: 
1. The reduction by NaH2PO2 and  
2. The reduction by methanol/formaldehyde solution. 
 
The Methanol/formaldehyde method performed well, although a small amount of pre-reduced and 
unreduced Pt salts had to be completely reduced by calcinations in using a low cost liquid petroleum 
gas (LPG). The technique of reducing Pt commenced by submerging Pt impregnated sample in 2ml of 
methanol/formaldehyde solution formed of 20% deionised water, 27% methanol and 53% 
formaldehyde (37–40%). The slurry resulted after 60min of submersion. Thereafter it was dried in a 
hot-air oven at 100°C for 60min. Subsequently, 6ml of the methanol/formaldehyde solution was added 
to the dried slurry. This was left at room temperature of ±32°C for 24h. Lastly the sample was heated 
for 60min at 100°C, cooled, rinsed, filtered, and dried (Petrik et al., 2008). 
 
4.5.4. Development of The Carbon-Supported Platinum Nanophase Electro Catalyst (Pt/C) 
 
4.4.5.1. Definition 
The carbon-supported platinum nanophase electro catalyst (Pt/C) is a synthetic material with properties 
analogous to the order mesoporous carbon materials such as carbon nanotubes-supported platinum 
(Pt/CNT) and the commercially-available Johnson Matthey carbon-supported platinum (JM Pt40/C). JM 
Pt40/C can serve as a standardised model material in the development of Pt/C because of its known 
properties (Williams et al., 2009). 
 
4.4.5.2. Preparation of Pt/C 
Pt/C is a gas diffusion support structure of porous micro-texture. This structure will have to support 
delicate ultra-fine platinum particle structures built from the HMS matrix. A prepared catalytic ink made 
of ultra-fine platinum particle structures can then be sprayed over or coated onto the Pt/C support to 
enhance the performance of the platinum nanophase composite electrode by catalytic action. Pt/C 
nanophase can be prepared through an impregnation-reduction technique of suspending a treated 
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carbon black (Cabot Vulcan® XC-72) in a solvent like glycol/isopropanol with a metal precursor such 
as chloroplatinic acid hexahydrate (H2PtCl6·6H2O) and a pH-regulator either sulphuric acid (H2SO4) or 
sodium hydroxide (NaOH). Formaldehyde can be used as a reducing agent to ensure the deposition of 
Platinum (Pt) onto the carbon black support material (Williams et al., 2009). Chloroplatinic acid 
prepared has a concentration of 25 percentage weight/weight in platinum (25% w/w Pt) in the most 
cases (Matthey, 2011). 
 
4.5.5. The Development of the Platinum Nanophase Catalyst Composite Electrode 
 
Consistent with Petrik et al. (2008), unreduced HMS-Pt electro catalysts had to be reduced by a 
carbonisation method as previously stated. This was performed by a method of chemical vapour 
deposition (CVD) using a low cost commercial grade liquid petroleum gas (LPG). The method of 
chemical vapour deposition consisted of placing ceramic boats of pre-reduced and unreduced HMS-Pt 
of 1g each in a flow-through quartz tube furnace. The quartz tube furnaces were heated up to 800°C 
starting from 50°C,  with a heating rate of 1.67°Cmin−1 under a constant flow of LPG for between 15min 
up to 90min in order to carbonise the HMS-Pt. The samples were then cooled to room temperature. 
  
The removal of HMS Si matrix for each 1g HMS-Pt could thereafter be achieved by use of 50mL of 1M 
NaOH solution, stirring at 75°C. The resulting silica etched porous carbon analogue material can be 
washed with ultra-pure water and dried in an oven at 100°C so as to obtain a nanoparticle powder.  
The enhancement in gas absorption of the nanoparticle powder molecular structure had to be achieved 
by suitable physical techniques known as X-ray diffraction techniques (XRD), transmission electron 
microscopy (TEM) and Brunauer-Emmet-Teller (BET) (Petrik et al., 2008). 
 
Afterwards, a Pt nanophase catalytic ink could be prepared by dispersing and mixing the obtained Pt 
nanophase powder into a binder/proton conductive solution formed of ultra-pure water, isopropanol 
and 5-wt% LIQUION (Petrik et al., 2008). The ultra-fine platinum particle structures micro-emulsion 
catalytic ink formed could then be sprayed over (or coated upon) the prepared carbon-supported 
platinum nanophase electro catalyst (Pt/C) support. Both the catalytic ink and Pt/C enhance the 
catalytic reactivity of the platinum nanophase composite electrode.  
The binder/proton 5-wt% LIQUION is obtained from dispersions of Nafion resin of 5-weight% (5-wt %) 
in a mixture of 20-wt% water and 75-wt% isopropanol (Ion Power, inc, 2010). Nafion is a sulfonated 
tetrafluoroethylene based fluoropolymer-copolymer (	+, -./. 	,0). It is a stable proton conductor 
because of its excellent thermal and mechanical stability (El-Kattan et al., 2001). 
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CHAPTER 5 
 
LIFE CYCLE ASSESSMENT INVENTORY IN THE 
PREPARATION OF THE PLATINUM NANOPHASE 
ELECTRO CATALYST COMPOSITE ELECTRODE 
CHAPTER 5: LIFE CYCLE ASSESSMENT INVENTORY IN THE PREPARATION OF THE PLATINUM NANOPHASE ELECTRO 
CATALYST COMPOSITE ELECTRODE 
5.0. Goal and Scope Definition  
 
This chapter establishes the life cycle inventory analysis of the process used to synthesize a Pt 
nanophase composite electrode and to determine the overall carbon footprint equivalent of emissions 
of the synthesizing process. The preparation of Pt nanophase composite electrode has four (4) phases 
which creates the need for 4 life cycle inventory assessments. These are LCIAs for HMS, HMS-Pt, 
Pt/C, and the Pt nanophase composite electrode. 
 
5.1. Life Cycle Assessment Inventory of the Hexagonal Mesoporous Silica Matrix (HMS) 
 
5.1.1. Conversion of Operational Units into Umberto Standard Units 
 
To achieve homogeneity in the calculation of data in Umberto, operational units were converted to 
standard international units.  The following data were converted to standard international units before 
drawing the life cycle analysis of the flow-material in Umberto for carbon footprint software. The 
following equations were used: 
a. Conversion of millilitres of water (H2O) into grams : 
106.7 2$  =
106.73 ∗ 18.014326$
18.0143
26$
= 106.73 
With 18.0143 26$⁄ , 9:;<"= 6>  
 
b. Conversion of millilitres of Ethanol (ETOH) into grams: 
105.5 2? @" = 105.5 2? ∗ A0.78932? C = 83.243  
With 0.7893 2?,⁄  9:;<"= 6> @" 
 
c. Conversion of moles of TEOS DEFGHIJK into grams: 
0.20 26$ /<	.0 = 0.2026$ ∗ A208.3284326$ C = 41.673  
d. Conversion of moles of 1-dodecylamine GLHIHMN  into grams: 
0.05426$ 	 +O = 0.05426$ ∗ A185.3284326$ C = 10.003 
e. Conversion of calories from drying  and heating IPD into Kilojoules: 
100° 	$R<S; ℎU" ≅ 45.37 WRU$       (1) 
49 
 
1RU$ = 4.1855 X         (2) 
1WRU$ = 4.1855 WX        (3) 
1 U:9 3 ∶  100°	 ℎU" = 45.37 ∗ 4.1855 WX ≅ 189.9 WX 
 Energy for drying (80°C for 3h): 
80°	
100°	 ∗ 189.9WX ∗ 3 ∗ 3600 = L ZK[ M\Z WX 
 Energy for heating (rate 2 °C/min; duration 4h; Temperature max 630°C): 
The total supplied energy can be calculated using the following equation: 
2/ = : + ] ∗ S^ + S_        
Where 
 ] = 2° `a_ ;  : =
0c
a_ = 240 ; S^ = 2°	 = 3.80 WX; S_ = 630°	 = 1196.37 WX 
 
It follows that,  
2/ = 240 + 3.80 ∗ 3.80 + 1196.37   
 / = 146300.72 
Therefore 146300.72 KJ is the energy involved in heating HMS. 
 
5.1.2. Life Cycle Inventory Analysis of HMS 
 
The life cycle inventory analysis of HMS was based on data and experience as described in 4.5.3, with 
operational conversions established in 5.1.1, the Umberto database for carbon footprint and other 
assumptions from other literature in 4.5.3.  The flow-material in Figure 5.1 below illustrates the 
preparation HMS material with reference to the preparation of HMS in 4.5.3. 
 
Figure 5.1: The flow-material in the preparation of HMS material. (Developed using Umberto software) 
The flow-material analysis of HMS preparation provided an input-output balance sheet material shown 
in the following Table 5.1, was developed through Umberto software. A few emissions were identified 
in the preparation of HMS (Table 5.1, output (right)).  These emissions are discussed in the following 
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point 5.1.3 and their likely environmental impacts are presented and discussed in chapter 6 with regard 
to their impacts. 
 
5.1.3.  HMS Balance Sheet 
  Table 5.1: HMS input/output balance sheet  
 
HMS balance sheet is deduced from the HMS Umberto flow material analysis (Figure 5.1). The 
balance sheet summarises all input and output materials and shows processes or transitions in which 
they were involved through HMS preparation. The output of the balance sheet comprised HMS (a white 
solid) as the final product and some direct emissions (Table1) detailed as follows: 
 Deionised water used for washing the solid in the process T4 (Figure 5.1) is taken as wastewater 
and emission, unless recycled; 
 Ethanol (ETOH) airborne emission when drying and heating of HMS in the process T6 (Figure 
5.1). 
500 grammes of the collected ETOH in the process T5 when extracting the yellow solid from Soxhlet 
Extractor was considered good material since it was not seen as waste or emission. 
 
5.1.4. HMS Carbon Footprint Summary 
Table 5.2: HMS carbon footprint summary 
 
Table 5.2 resulted from the carbon footprint calculation by Umberto after obtaining the HMS 
input/output balance sheet. The carbon footprint for the preparation of 9.60g of the produced HMS 
amounted to 3.13Kg CO2eq. Table 5.3 gives more details of carbon footprint based individual 
materials. 
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5.1.5. HMS Carbon Footprint Details 
Table 5.3: HMS carbon footprint: total details 
 
The Table 5.3 describes details based on two good output materials which are HMS, the final product, 
and the Ethanol collected. The overall carbon footprint for preparing HMS was 3.24Kg CO2-eq. This 
means that the Carbon footprint from raw chemicals as well as from the sources of energy mix used 
are accountable to the final product HMS. The highest contribution of about 3.14Kg CO2-eq (96.75%) 
came from the use of energy, and notably electricity, from polluting no renewable resources of energy. 
Environmental impact assessment on HMS material was completed using the eco-indicator 99 method 
of assessment. 
 
5.2. Life Cycle Assessment Inventory of the Hexagonal Mesoporous Silica-Supported 
Platinum Nanophase  (HMS-Pt) 
 
5.2.1. Conversion of Operational Units into Umberto Standard Units 
 
a. Conversion of Molar concentration of dHef. ghZ. ZdHi solution into grams: 
The molecular density of !". 	$%. 6 6] !". 	$%. 6 <; Uj6S" 2.4313/lam   
Otherwise, 2.4313/lam=  2.4313/an       (a1) 
(a1) means that 1mL of !". 	$%. 6 weighs 2.431g      (a2) 
From (a2), 1g of !". 	$%. 6 can be expressed in mL: 
 
 o
.0- o anp
= 0.4112?         (a3) 
The total volume given for 0.1545 M 6] 0.154526$/nrs tu tvrt_ 6>  !". 	$%. 6  solution 
corresponds to: 
0.411mL +  12.45mL =  LH. yZLmL       (a4) 
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With 12.45mL, the volume of the solvent (deionised water) 
 
 Afterwards, the mass in grams of 12.8612? 6> 0.1545 M !". 	$%. 6  is calculated as 
follows: 
12.861 ∗ 0.001? ∗ 517.9023/at  ∗  0.154526$/n= 1.033     (a5) 
Where 517.9023/at  is molecular mass (1 26$) 6> !". 	$%. 6   
From (a5), the mass of 22? 6> 0.1545 M !". 	$%. 6 ;6$S"<6:, the source of platinum metal, 
can be deduced as:  
22? ∗ 1.03312.8612? = [. LZ3 
 
b. Conversion of millilitre of Methanol/Formaldehyde solution into grams  
Methanol/Formaldehyde (M/F) solution was reportedly prepared as follows (Petrik et al., 2008): 
• (20% or 0.4mL) of 2mL M/F solution is composed of water  deionised: 
 13/an ∗  0.42? = 0.43         (b1) 
Where 13/an represents the density of water 
• (27% or 0.54mL) of 2mL M/F solution is methanol 	0: 
0.7918g/{| ∗  0.54mL = 0.43g        (b2) 
Where 0.79183/an represents the density of methanol 
• (53% or 1.06mL) of 2mL M/F solution is formaldehyde 	: 
1.38g/{| ∗  1.06mL = 1.46g        (b3) 
Where 1.383/an represents the density of methanol 
j1 + j2 + j3 = 0.43 + 0.433 + 1.463 = H. H}3 6> *"ℎU:6$/,6]2U$9ℎ=9. 
5.2.2. HMS-Pt Life Cycle Inventory 
Figure 5.2: Flow-materials in the preparation of HMS-Pt. (Developed using Umberto software) 
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5.2.3. HMS-Pt Balance sheet 
Table 5.4: HMS-Pt input/output balance sheet 
 
 
HMS-Pt balance sheet was obtained through Umberto after the development of the flow material 
analysis in Figure 5.2. It summarises all input and output materials and shows processes or transitions 
in which materials were involved through HMS-Pt preparation. The output balance sheet (Table 5.4) 
contains HMS-Pt material as the final product and assumed that some processes probably contributed 
to direct emissions during transformation operations such as when heating HMS-Pt (T8), drying it in hot 
air (T4), and at room temperature (T6), and when filtering and rinsing HMS-Pt  with deionised water 
(T7). 
5.2.4. HMS-Pt Carbon Footprint Summary 
Table 5.5: HMS-Pt Carbon Footprint Summary 
 
Table 5.5 resulted from the carbon footprint calculation by Umberto after obtaining the HMS-Pt 
input/output balance sheet. The carbon footprint was equivalent to 3.90Kg CO2eq after the preparation 
20.50g of HMS-Pt. Table 5.6 gives more details of carbon footprint based individual materials. 
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5.2.5. HMS-Pt carbon footprint details 
Table 5.6: HMS-Pt Carbon Footprint Details 
 
 
Table 5.6 specifies each material with its carbon footprint value. In the preparation of HMS-Pt direct 
emissions were observed at relatively low values. These were mostly chemicals, of which methanol 
contributed 0.01% and formaldehyde 0.07%. 99.48% of the calculated carbon footprint was from the 
use of electricity produced from non-renewable energy mix, which emission is taken as being indirect. 
In regard to water vapour emission (Table 5.6), this is the major contributor to greenhouse gas 
emission in the form of cloud cover. Environmental impact assessment on HMS-Pt material was further 
discussed in chapter 6 (6.3) using eco-indicator 99 method of assessment. 
 
5.3. Life Cycle Inventory Assessment of the Carbon-Supported Platinum Nanophase 
Electro Catalysts (P/C)  
 
5.3.1. Pt/C Life Cycle Inventory 
 
Figure 5.3: Flow materials in the preparation of Pt/C. (Developed using Umberto software) 
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5.3.2. Pt/C Balance sheet 
Table 5.7: Pt/C Input/output balance sheet 
 
Table 5.7 resulted from the carbon footprint calculation by Umberto after obtaining of the Pt/C balance 
sheet (Figure 5.3). Table 5.7 summarises all the input and output materials and shows processes or 
transitions in which they were involved through the Pt/C preparation. The output of the balance sheet 
contains the Pt/C as the final product. No evident emission was found from the description of the Pt/C 
process elaborated by Williams at al. (Williams et al., 2009). 
  
5.3.3. Pt/C carbon footprint summary 
Table 5.8: Pt/C carbon footprint summary 
 
Table 5.8 shows the calculated Pt/C Carbon Footprint of 2.72E-04Kg-CO2eq for 0.23Kg of Pt/C 
produced. Table 5.9 provides details of the individual materials involved. 
 
5.3.4. Pt/C carbon footprint details 
Table 5.9: Pt/C carbon footprint details 
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Table 5.9 shows details of the carbon footprint of individual chemicals used to prepare Pt/C. These 
data are indirect to the preparation of Pt/C. They were all provided from the Umberto database, 
showing that the calculated carbon footprint was indirectly associated with the preparation of Pt/C. 
 
5.4. Life Cycle Assessment Inventory of the Platinum Nanophase Catalyst Composite 
Electrode 
 
5.4.1. Conversion of Operational Units into Umberto Standard Units 
 
a. Conversion of degree Celsius heat unit  to Kilojoules 
100°C heat= 45.37 * 4.1855 KJ ≅189.9 KJ.       (d1) 
The energy in KJ to carbonise pre-reduced or unreduced HMS-Pt molecules could be obtained 
as follows: 
As thoroughly described in 4.5.6, the heating temperatures and the heating rate to the HMS-Pt 
carbonisation were given as: 
 "° 2<: = 50°	;  "° 2U~ = 800°	;  "ℎ ℎU"<:3 ]U" = 1.67°	/2<:. 
 
The energy used could be calculated using the following formula: 
2/ = : + ] ∗ S^ + S_  
With ] = 1.67°	/2<: ;  : = r°ar°a_cr_o sr =
^^.^
 .%+ = 449 
In the light of the relation of conversion (d1) above: 
1.67°	 = 3.17WX ; 50°	 = 94.95WX ;  800°	 = 1519.20WX 
 
Therefore, 2/ = : + ] ∗ S^ + S_ = 449 + 3.17 ∗ 94.95 + 1519.20 = 364935.10  
 
Thus the total energy involved in heating HMS-Pt was 364 935.10 KJ 
b. Preparation of 125mL 5-wt% Liquion solution (Ion Power, inc, 2010) 
 
:;<"= 6> ?<S<6:: 0.86 3]U2;/R2- 
1252? = 1252? ∗ 0.863]U2;2? = 107.53]U2; 
OU><6: ?<S<6: 5% = 5 ∗ 107100 = 5.383]U2; 
$"]U S] U"] ?<S<6: 20% = 20 ∗ 107100 = 21.403]U2; 
;6]6U:6$ ?<S<6: 75% = 75 ∗ 107100 = 80.253]U2; 
c. Energy involved in the preparation of 5-wt% Liquion solution for ½ hour 
50°	 = 50 ∗ 189.9 ∗ 1800100 = 170910 WX 
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d. Energy involved in curing for 15 min 
50°	 = 100 ∗ 189.9 ∗ 900100 = 170910 WX 
 
5.4.2. Nanophase Electrode Life Cycle Inventory 
`  
Figure 5.4: Flow-materials in the preparation of Pt nanophase electro catalyst composite electrode. 
(Developed using Umberto software) 
 
5.4.3. Nanophase Electrode Balance Sheet 
 
The balance sheet in the following Table 5.10 was generated after the development of the Pt 
nanophase electrode flow material development (Figure 5.4). It summarises all of the input and output 
materials and shows transitions in which materials were involved through the preparation of the 
electrode. 
 
Table 5.10: Pt nanophase composite electrodes input/output balance sheet 
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The output of the composite electrode balance sheet comprised the Pt nanophase composite electrode 
as the final product and some emissions (Table 5.10). Likely direct emissions over the preparation of 
the Pt nanophase electrode can be detailed as follow: 
 LPG can emit sulphur oxides (SOX), carbon monoxide (CO), nitrogen oxides (NOX) and 
particulate matters at high temperatures (Edward et al., 1993); this probably reflects the 
carbonisation of HMS-Pt by LPG at 800°C (Figure 4 in T1), unless precautions are taken. 
 Sodium dioxide (NaOH) was used as a template for the removal of HMS from the HMS-Pt 
(Figure 4, T2). Unless recycled, NaOH can be considered as an emission when removing 
HMS template. 
 The debris of the HMS material removed can be considered as an emission unless recycled 
(Figure 4 in T2). 
 
5.4.4. Nanophase Electrode Carbon Footprint Summary 
Table 5.11: Pt nanophase composite electrode carbon footprint summary 
 
Table 5.11 was deduced by Umberto after the obtaining the balance sheet. An amount of 1.64Kg 
CO2eq of the Carbon Footprint Value was calculated, which corresponded to 119.23g of Pt nanophase 
composite electrode produced. Table 5.12 gives more details of the carbon footprint materials used in 
the preparation of the Pt nanophase composite electrode. 
 
5.4.5. Nanophase Electrode Carbon Footprint Details 
Table 5.12: Pt nanophase composite electrode carbon footprint details 
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Table 5.12 specifies each material used in its carbon footprint. In the preparation of the Pt nanophase 
composite electrode likely indirect emissions can be identified, as presented in 5.4.3; except that 
0.58% of the carbon footprint of emissions from HMS-Pt carbonisation could be counted as direct, the 
rest were indirect. The major contributor, which is indirect, was of 73.18% or 1.26Kg CO2eq from the 
used electricity from its energy mix. HMS-Pt and Isopropanol were the second and third largest 
contributors to carbon footprint respectively with 13.35% or 0.23kg CO2eq and 8.71% or 0.15kg CO2eq. 
The environmental impact assessment of the manufacturing process of the composite electrode is 
further discussed in chapter 6, in 6.5. 
 
5.5 Recapitulation of the carbon footprint values in the process of preparing platinum 
nanophase composite electrode  
 
Figure 5.5 below summarises the carbon footprints of different components in the preparation of the 
composite electrode. The preparation of HMS-Pt had the highest contribution in carbon footprint, 
followed by HMS preparation. Both components involved important quantities of electricity; these were 
provided by non-renewable sources of energy. Raw chemicals were the source of both carbon footprint 
and direct emissions which occurred in almost all the transforming processes. 
 
 
Figure 5.5: Carbon footprint values of the produced materials in the preparation of the platinum 
nanophase composite electrode 
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5.6 Conclusion 
 
The overall carbon footprint for the preparation of 119.23g platinum nanophase composite electrode 
was evaluated approximately at 8.78 kg CO2-eq. The LCIA and carbon footprint calculation of the 
composite electrode was essentially assisted by the Umberto for carbon footprint software which 
provided inventory analysis tools and a useful database of materials with their carbon footprint. Direct 
emissions were likely involved when heating, calcining, drying materials. Other direct emissions given 
in the literature were considered (Youn Ko et al., 2000; Petrik et al., 2008).  
 
As stated in the chapters 1 and 4, the synthesis of the Pt nanophase composite electrode was done on 
a laboratory manufacturing scale. However, if we quantify exactly the energy used for each and every 
process involved, achieving this might provide standard data or benchmarks of the energy 
consumption involved at industrial scale manufacturing.  An energy palliative measure would be to look 
at friendly energy resources. This approach may clarify the path towards sustainable development of 
efficiently produced hydrogen by water electrolysis.  
 
Ways need to be found to minimise toxic contamination from use of raw chemicals if the environmental 
impact of the above processes is to be optimised. 
 
Substituting less emitting chemicals might also be a way to reducing toxic contamination and significant 
emissions. A strong emphasis on reuse needs to be looked at. 
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CHAPTER 6 
 
ENVIRONMENTAL IMPACT ASSESSMENT OF THE 
PLATINUM NANOPHASE CATALYST COMPOSITE 
ELECTRODE BY THE USE OF THE ECO-INDICATOR 
99 METHODOLOGY 
CHAPTER 6: ENVIRONMENTAL IMPACT ASSESSMENT OF THE PLATINUM NANOPHASE CATALYST COMPOSITE 
ELECTRODE BY THE USE OF THE ECO-INDICATOR 99 METHODOLOGY 
6.0. Introduction 
 
As previously stated, environmental impact assessment is a valuable tool for environmentally 
improving existing processes and developing new products in an environmentally sound fashion. This 
assessment can only be achieved after establishing the inventory analysis by which input-output 
materials and emissions are made known. The eco-indicator 99 methodology helps to identify the 
types of exposure and environmental damage of the used materials and processes. 
  
6.1. Environmental Impact Assessment of the Hexagonal Mesoporous Silica (HMS) 
 
6.1.1. Environmental Impact Assessment Form 
Table 6.1: Environmental Impact Assessment (EIA) Form for the Hexagonal Mesoporous 
Silica Material (HMS)  
Product or process 
Hexagonal mesoporous 
silica material (HMS) 
Project 
Platinum nanophase electrocatalyst composites electrode 
Date 
08-06-2011 
Author 
Junior Mabiza 
  
    
 Inputs Phase  (Materials, Processes, energy)   
Material or process Amount Indicator (weighted damage 
factor) =  (damage factor x 
normalisation) ÷ weight 
(Pré Consultants,2000) (Pré 
Consultants,2001) 
Type of damage factor when 
exposed to 
Result 
(impact) 
1-dodecylamine 0.01 kg      19.9 *  (H,A) Airborne: respiratory effects on humans 
caused by organic substances (H,A) 
      0.2 
Deionised water 0.91 kg        0.026 **        0.02 
Ethanol 0.08 kg      21.17  (H,A) Airborne: respiratory effects on humans 
caused by organic substances (H,A) 
      1.7 
Electricity 515.89 kWh      12 **  6190.68 
TEOS 0.04 kg        9.6  (H,A) Airborne: respiratory effects on humans 
caused by organic substances (H,A) 
      0.38 
Total [mPt]    6193.00 
 Remarks:  
• ** refers to indicators obtained from Eco-indicator 99 Manual for Designers (Pré Consultants,2000) 
• 19.9* is the indicator of dodecane (C12H28N2) that we supposed having similar effect to dodecylamine 
(C12H27N). 
• 0.026** refers to water demineralised indicator. 
• 515.89 kWh = 1857.20 MJ 
• TEOS is similar material to esters. 
• 12** refers to non-renewable energy mix outweighed by the energy from a nuclear plant; a French standard 
nuclear plant.  
 Emissions phase(Materials, waste, energy) 
Materials or process Amount (kg) Indicator Exposure & Type of damage factor  
Waste deionised water 0.44      0.026 ** (possibility to recycling)       0.01 
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6.1.2. Interpretation of the results 
 
HMS EIA Form disclosed ethanol (1.9 mPt) and 1-dodecylamine (0.2mPt) airborne emissions as types 
of exposure and damage factor are associated with respiratory effects on human health. Wastewater 
(0.01mPt) can be recycled and reused. An exceedingly large amount of 6190.68 mPt was assigned to 
electricity from non-renewable energy mix; this showed, as previously concluded in the chapter 5, that 
there is a need to provide scrupulous analyses in order to develop methods of quantifying the amount 
of energy needed for the processes. Adopting clean resources for energy supply is considered to be 
the most effective way forward to achieve an environmental advantage. 
 
6.2. Environmental Impact Assessment Form for the carbon-supported platinum 
nanophase catalyst (Pt/C) 
 
6.2.1. Environmental Impact Assessment Form 
Table 6.2: Environmental Impact Assessment Form for the carbon-supported platinum 
nanophase catalyst (Pt/C) 
    
 Inputs Phase  (Materials, treatments, energy)   
material or process Amount Indicator (weighted damage 
factor) =  (damage factor x 
normalisation) ÷ weight 
(Pré Consultants,2000)  
(Pré Consultants,2001) 
Exposure & Type of damage factor Result 
(impact) 
Carbon black 2.0 E-5 kg    180 **  0.004 
Isopropanol 1.0 E-4 kg        7.74 (H,A) Airborne :respiratory effects on humans 
caused by organic substances (H,A) 
0.001 
Chloroplatinic acid 5.0 E-5 kg        -  - 
Formaldehyde 2.0 E-5 kg      28.8 (H,A) Airborne :respiratory effects on humans 
caused by organic substances (H,A) 
0.001 
Sulphuric acid 3.0 E-5 kg      22.0 **  0.001 
Total [mPt]    0.007 
Total [mPt] (all phases)  0.007 
 
6.2.2. Interpretation of results 
 
EIA Pt/C Form revealed a series of relatively small impacts from the materials used. Carbon black, a 
key material to prepare Pt/C, was reported with the highest exposure of 0.004 mPt justified by its high 
“weighted damage factor” of 180. Carbon black exposure is indirect to the preparation of Pt/C. Carbon 
black is a manufactured raw material composed of 95 percent or more of amorphous carbon of the 
order of nanometres, which is produced under a well-controlled manufacturing process. Despite its 
advantage in providing very large available surface areas for chemical adsorption, carbon black is one 
of the materials with the highest global warming potentials (Yoshitaka, 2006). But it remains a fact that 
the overall environmental impact of carbon black is still relatively low compared with other the impact of 
processes in this study. Platinic acid had no evident record of weighted damage factor. Formaldehyde 
Ethanol collected 0.50  - 21.17  (Ethanol collected as good material)   - 10.6 
Ethanol vaporised 0.09    21.17 Airborne: respiratory effects on humans 
caused by organic substances (H,A) 
      1.9 
1-dodecylamine 0.01    19.9  Airborne: respiratory effects on humans 
caused by organic substances (H,A) 
      0.2 
Total [mPt]        - 8.49 
Total [mPt] (all phases)  6184.51 
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and sulphuric acid were not reported for any direct emission; precautions on safety when using them 
may be recommended. 
 
6.3. Environmental Impact Assessment Form of the Hexagonal Mesoporous Silica-
supported Platinum nanophase material (HMS-Pt) 
 
6.3.1. Environmental Impact Assessment Form 
Table 6.3: Environmental Impact Assessment Form for the hexagonal mesoporous 
silica-supported platinum nanophase material (HMS-Pt) 
 Inputs phase  (Materials, treatments, energy)   
materials or process Amount Indicator (weighted damage 
factor) =  (damage factor x 
normalisation) ÷ weight 
Exposure & Type of damage 
factor 
Result 
(Impact) 
Chloroplatinic acid 2.70 E-4 kg        -*  - 
Deionised water 0.84 kg         0.026 **        0.022 
Electricity 639.67 kWh       12 **  7676.040 
Formaldehyde 9.83 E-3 kg        28.8 (HA) Airborne: respiratory effects on 
humans caused by organic 
substances (H,A) 
       0.283 
HMS matrix detritus 1.68 E-3 kg        -*  - 
Methanol 7.88 E-3 kg      7.30 (HA) Airborne : respiratory effects on 
humans caused by organic substances 
(H,A) 
       0.058 
Sub Total [mPt]      7676.40 
    Remarks:  
• 0.026** refers to water demineralised indicator (Pré Consultants, 2000). 
• -* no evident record of weighted damage factor. 
 
 Emissions phase (Materials, waste, energy) 
materials or process Amount Indicator Exposure & Type of damage 
factor 
 
waste deionised water 0.834 kg 0.026 ** possible to recycling     0.022 
Methanol emission 3.17 E-5 kg               5.44 Airborne :respiratory effects on humans 
caused by organic substances (E,E) 
    0.0002 
Formaldehyde 
emission 
1.08 E-4 kg             28.8 Airborne :respiratory effects on humans 
caused by organic substances (E,E) 
    0.003 
Water vapour 0.01 kg                -        - 
Sub Total [mPt]        0.025 
Total [mPt] (all phases)     7676.43 
 
6.3.2. Interpretation of results 
 
The main impact of about 7676.04 mPt (99.99%) from non-renewable energy mix was indirect. It is 
attributed to the use of electricity. Conclusions drawn in 6.1.2 are applicable in the HMS-Pt case as 
well. HMS-Pt EIA Form also disclosed methanol (0.0002 mPt) and formaldehyde (0.003mPt) airborne 
emissions as types of exposure and a damage factor associated with respiratory effects on human 
health. Water vapour had no record of emissions though referred as the major contributor to 
greenhouse ‘gas emission’, as previously stated (5.2.5). 
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6.4. Environmental Impact Assessment Form for the platinum nanophase catalyst 
composites electrode 
 
6.4.1. Environmental Impact Assessment Form 
Table 6.4: Environmental Impact Assessment Form for the platinum nanophase 
electrocatalyst composites electrode 
Product or component 
Platinum nanophase electrocatalyst 
composites electrode 
Project 
Platinum nanophase electrocatalyst composites electrode 
Date 
08-06-2011 
Author 
Junior Mabiza 
    
 Inputs phase  (Materials, treatments, energy)   
materials or process Amount Indicator (weighted damage 
factor) =  (damage factor x 
normalisation) ÷ weight 
Exposure & Type of damage 
factor 
Result 
(Impact) 
Carbon black     0.23 E-3 kg      180.0 **        0.04 
Electricity 195.99 kWh        12 **  2351.88 
Isopropanol 80.25  E-3 Kg          7.74 (HA) Airborne: respiratory effects on 
humans caused by organic 
substances (H,A) 
      1.49 
Liquid petroleum gas 
(composition of: 
 
90% propane (C3H8), 
 
  
 
 
 
5% propylene (C3H6)& 
 
  
 
2.5% butane (C4H10) 
 (Liu et al., 1997) 
13.56 E-3 Kg, 
roughly with : 
 
12.20 E-3 Kg 
 
   
 
 
 
0.68 E-3 Kg 
 
 
 
  0.34 E-3 Kg 
 
 
 
1.89 E-9 (H,A) 
 
 
2.78 E-9 (indic. i-propyl 
benzene (H,A)) 
           
 
9.58 E-10 ((H,A)) 
 
 
 
 
 
 
 
Damage to Resources caused by 
extraction of fossil fuels (H,A) 
 
Airborne: respiratory effects on  
Airborne: respiratory effects on 
humans A) 
  
 
 
 23.06 E-12     
 
 
 
 
 
1.89 E-12 
 
 
 
326 E-15 
Nafion (liquion 1100)   5.38 E-3 Kg        - *  - 
Sodium hydroxide 28.0   E-3 Kg       38 **        1.06 
Ultra-pure water 21.4   E-3 Kg      0.0026 **        1 E-4 
Sub Total [mPt]    2354.47 
 Remarks:  
• 0.026** refers to water demineralised indicator (Pré Consultants, 2000). 
• 0.0026** refers to water decarbonised indicator (Pré Consultants, 2000). 
• 38 ** refers to Sodium hydroxide indicator (Pré Consultants, 2000)  
• - * no evident record of weighted damage factor for Nafion. 
 Emissions phase (Materials, waste, energy) 
materials or process Amount Indicator Exposure & Type of damage 
factor 
 
Sodium hydroxide 0.026 kg    38*        0.14 
Waste HMS removed 0.010 kg       -  - 
Emissions in 
carbonising unreduced 
HMS-Pt using LPG:  
• CO2 (99.87%) 
• NOX (0.11%) 
• SOX (0.01%) 
 
(Edward et al.,1993) 
 
 
 
13.98 E-3 kg 
  1.54 E-5 kg 
  1.4   E-6 kg  
 
 
 
         5.45  
  2300.0  
  1420.0  
 
 
 
 
 
Airborne: Respiratory effects on 
humans caused by inorganic 
substances (H,A) 
 
      0.11 
Sub Total [mPt]          0.25 
Total [mPt] (Both phases)  2354.97 
 
6.4.2. Interpretation of the results 
 
The preparation of the Pt nanophase composite electrode was performed with an important quantity of 
electricity as well (97% of the total impact; though indirect). This refers to the cases of HMS and HMS-
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Pt preparation (6.1.2 & 6.3.2). Additional indirect impacts may emanate from Isopropanol, sodium 
hydroxide and LPG when manufactured. As previously discussed in 5.4.3, likely direct emissions over 
the preparation of the composite electrode comprised airborne emissions NOx, CO, SOx and particulate 
matters which are the types of exposure and damage factors associated with respiratory effects on 
human health. The use of LPG was also considered as damage to resources caused by the extraction 
of fossil fuels. 
 
6.5. Inclusive Assessment of Eco-indicators of the used Resources and the Likely 
Emissions in the Preparation of the Platinum Nanophase Composite Electrode 
 
6.5.1. Introduction 
 
The Eco-indicator 99 methodology was a valuable tool to identify environmental impacts associated 
with the used resources, which can be improved with regard to their eco-indicator factor. In the 
following points, all the resources inputted and all the direct emissions in the preparation of the 
composite electrode were presented with their eco-indicator factor (in mPt). In this section further 
information on the types of exposure of the resources has been given and more conclusions are 
drawn. 
 
6.5.2. Resources and Likely Emissions with their Eco – indicators  
 
The following tables 6.5 and 6.6 respectively show resources and likely emissions with their eco-
indicators. 
Table 6.5: Resources and their eco-indicators 
 Inputs to the  Production Phase s to the preparation of the platinum nanophase composite 
electrode  
 Resource 
HMS 
(IP) 
 
Pt/C 
(IP) 
 
HMS-Pt 
(IP) 
Composite 
Electrode 
(IP) 
Impact (mPt) 
Input raw 
chemicals, 
water & energy  
   
 
1-dodecylamine        0.2          0.2 
Carbon black   0.004        0.04          0.44 
Chloroplatinic acid 
  
- - unspecified 
indicator 
Deionised water        0.02        0.022          0.04 
Electricity 6190.68   7676.04 2351.88 16218.60 
Ethanol        1.7          1.7 
Formaldehyde   0.001        0.283          0.28 
Isopropanol   0.001        1.49          1.49 
LPG          0.36          0.36 
Methanol         0.058          0.06 
Nafion 
  
- 
unspecified 
indicator 
Sodium hydroxide         1.06          1.06 
Sulphuric acid   0.001          0.001 
TEOS 0.38          0.38 
Ultra-pure water         0.0001          0.0001 
IP: Input Phase  
 
  
66 
 
Table 6.6: Likely direct environmental impacts from emissions in the preparation of the 
platinum nanophase composite electrode  
 
 
Materials likely to be  recycled and potential emissions in  the preparation of the platinum nanophase 
composite electrode  
Phase Resource/product 
HMS 
(LE) 
HMS-Pt 
(LE) 
Composite 
Electrode 
(LE) 
Impact 
(mPt) 
Damage analysis 
Exposure and 
effect analysis 
Fate Analysis 
Potential 
emissions to 
air  
CO 
  
0.12  0.12 
Damage to human 
health 
respiratory 
effects 
 
Ethanol emissions 1.45 
 
  
1.45 
Damage to human 
health & damage 
to ecosystem 
respiratory 
effects & 
Acidification/ 
Eutrophication 
Low ground-level 
ozone formation 
Formaldehyde 
emissions 
 
0.003 
  
0.003  
respiratory 
effects 
 
Methanol emissions 
 
0.0002 
  
0.0002 
Damage to human 
health  
respiratory 
effects 
Concentration 
VOC’s 
NOX 
  
0.23 0.23 
Damage to 
ecosystem quality 
& damage to 
ecosystem 
Acidification/ 
Eutrophication & 
respiratory 
effects  
Changed pH and 
nutrient avail. & 
Concentration SPM 
and VOC’s 
SOX 
  
  0.007 0.007 
Damage to 
ecosystem quality 
& damage to 
ecosystem 
Acidification/ 
Eutrophication & 
respiratory 
effects  
Changed pH and 
nutrient avail. & 
Concentration SPM 
and VOC’s 
Water vapour 
 
- 
  
unspecified 
indicator 
Likely to 
contribute to GHG 
if emitted 
- - 
Potential 
emission to 
soil (unless 
recycled) 
HMS matrix debris 
  
  
unspecified 
indicator 
- - - 
Material 
collected as 
good  
Ethanol produced -10.6 
    
 -10.6 - - - 
Resources 
emitted likely 
to be recycled  
Waste of water 
deionised  
 0.01 0.022 
  
    0.03 - - - 
Sodium hydroxide 
used for removing 
HMS matrix   
0.14     0.14 - - - 
N.B: (LE): likely emission 
 
 Health hazard to human from carbon monoxide (CO) can result in a reduction of oxygen delivery 
into the body's organs such as the heart, brain or tissues. Higher levels of CO can be seen as the 
most serious health threat for hearts weakened by heart diseases like congestive heart failure, 
angina, or clogged arteries (groundwork, 2011);  
 Ethanol emission accumulation can result in a low ground-level ozone formation causing human 
respiratory problems and can damage many plants but does not result in increased ozone 
concentration in the stratosphere (CRFA, 2000);   
 Methanol shows no threat to biotic or abiotic components at all. It is an alcohol among the most 
volatile organic compounds (VOC’s). When emitted into the atmosphere, methanol is stay 
exclusively in the form of a gas for a half-life of approximately 3 to 30 days. Methanol is water-
soluble; it can also be removed from the atmosphere by raining out (Carlos-Cuellar et al., 2003); 
 Airborne emission of the formaldehyde decomposes quickly, within 24 hours, to form formic acid 
and carbon monoxide. Formaldehyde does not bio accumulate in plants and animals (U.S. 
Environmental Protection Agency, 2000).  
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 Formaldehyde can be accountable for a series of human health hazards with respect to the dose 
ingestion. Formaldehyde may be associated with acute effects of throat irritation, eye itching, skin 
irritation and allergic contact dermatitis. High levels of exposure cause coughing, wheezing, chest 
pains and bronchitis. A chronic inhalation minimal risk level estimated at about 0.003 parts per 
million (ppm) or 0.004 milligrams per cubic meter (0.004mg/m3) may incidentally result in some 
increased cancer risk such as nasopharyngeal and lung cancers (U.S. Environmental Protection 
Agency, 2000). 
 
 
Figure 6.1: Comparison of Eco-indicator factors of raw chemicals involved in the preparation of Pt 
nanophase composite electrode 
 
The graph in Figure 6.1 shows ethanol, isopropanol and sodium hydroxide, with high Eco-indicators in 
the preparation of the composite electrode. 
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Figure 6.2: Observation of the gap between the eco-indicators of electricity and chemicals in the 
preparation of Pt nanophase composite electrode 
 
The Table 6.2 shows an important gap in value between the eco-indicators of the electricity and those 
of raw chemicals (relatively insignificant) in the preparation of the platinum nanophase composite 
electrode. Nafion and clhoroplatinic acid were not involved in the graph by reason of there being no 
evident eco-indicator values.  
 
 
Figure 6.3: Eco-indicator comparison in the preparation of the nanophase composite electrode 
 
Figure 6.3 compares eco-indicators of CO, ethanol, formaldehyde, methanol, NOX and SOX. These 
emissions may not be seen as important; yet the analysis was for a prototype composite electrode 
developed in a laboratory. Ethanol may be seen as the major contributor of the chemicals with an 
important eco-indicator in the preparation of the composite electrode. NOx and CO eco-indicators are 
relatively high. When scaled up into industrial application the preparation of the nanophase composite 
electrode, little eco-indicators may considerably increase and consequently more exposure and 
damage may result. Therefore looking at the improvement by reducing emission or human hazardous 
impacts of the chemicals may benefit environmentally the development of the platinum nanophase 
composite electrode when promoted to industrial manufacturing. 
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CHAPTER 7 
 
CASE STUDY 2: PLATINUM GROUP METALS: 
RECOVERY PROCESS 
CHAP 7: CASE STUDY 2: PLATINUM GROUP METALS: RECOVERY PROCESS 
7.0. Introduction 
 
PGMs are the precious metals acknowledged for their contribution to address environmental damages 
through technologies. As previously stated, they possess a series of exceptional physical and chemical 
properties that find wide and diverse significant environmentally-sound related applications.  In addition 
to their electro catalytic key role in fuel cell, PGMs are useful in chemical processes, oil refineries for 
instance. PGMs are also used in electronic components and they are involved the autocatalytic 
converters exhaust control for auto vehicles. In medicine PGMs are suitable for a variety of specialty 
uses and active pharmaceutical ingredients. A growing demand on PGMs is expected to address 
environmental challenges. As previously indicated, there was an upstream environmental challenge in 
the processes of PGMs recovery at the smelter and the converter with emission of enormous amounts 
of SO2 in tonnes per day (Carnell, 2010). SO2 is a colourless, toxic and harmful gas to both human and 
biodiversity which may negatively affect acknowledged environmental performances of PGMs 
applications. The need to understand environmental challenges due to PGMs production justifies the 
development of an environmental assessment. On the other hand, the increased pressure from the 
authorities to observe the new Air Quality Act challenges mining companies (Jones, 2010). Impala 
Platinum, for instance, brought a threefold improvement, in air quality, visual impediment in plant and 
minimisation of occupational exposure of employees to dust and sulphur dioxide (Jones, 2010). 
Whereas Anglo American Platinum Limited brought about a new technological approach by which a 
new type of converter, with more effectiveness and high efficiency, converts iron (Fe) to iron oxide 
(FeO2) and sulphur (S) to SO2 that is later  converted to sulphuric acid (H2SO4). The improvement had 
substantially reduced SO2 emissions regardless the increase of ore throughput (Groot and Pistorius, 
2007). 
7.1. The Scope of the Assessment  
 
The assessment was primarily aiming to investigate to what extent the production of PGMs could be 
held accountable for the level of SO2 infused into the atmosphere. Emissions from smelting and 
converting processes may not be the only emissions in the production of PGM. Therefore a rational 
boundary for the assessment was set up from mining to the off-gas handling process in regard to SO2 
emissions. As earlier stated, a visit study was carried out at the Rustenburg smelting section of the 
Anglo American Platinum where primary data with reference to the smelter and the converter were 
provided, as earlier stated. In addition, a series of publications on Anglo American Platinum smelting 
and converting sections were recommended for consultation. Information on operations on the other 
70 
 
sections, mining, ore concentration and off-gas handling, were likewise provided from the same 
recommended sources.      
7.2. Schematic Recovery Process of the Platinum Group Metals at Anglo American 
 
 
 
 
Figure 7.1:  Operational Flow-chart for PGM recovery at Anglo American 
 
 
 
 
 
 
 
 
 
 
 
 
 
Source: (Anglo American Platinum, 2011) 
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Figure 7.1: Operational Sites of the Anglo American Platinum 
 
The South African miner, Anglo Platinum Limited is the largest producer of platinum group metals in 
the world. It owns varied mines and operates three smelters of which Waterval (Rustenburg) where 
precious metals are refined and Mortimer (Limpopo) both located on the western limb of the Bushveld 
complex. The third smelter, Polokwane (Polokwane), is located on the eastern limb of the Bushveld 
complex (Figure 7.1) (Groot and Pistorius, 2007). The Bushveld Complex is the world’s largest PGMs 
reserve that has led the global production of PGMs since 1971. Bushveld Complex abounds also in 
Chromium and Vanadium with the world’s largest reserves (Jones, 2006). Due to the Bushveld 
Complex location in South Africa, the country covers the largest potential economic of PGMs resources 
ever discovered in the world, which is estimated about 80% of the global reserves. 
 
Figure 7.2: Location of Anglo Platinum operations in the Bushveld complex.  
Source: (Groot and Pistorius, 2007) 
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The visit at the Anglo American Platinum Waterval smelter (Rustenburg) helped with gathering relevant 
information about SO2 emissions from the smelter and the converter. As a data source, essentially 
Anglo American Platinum annual reports, was recommended for more appropriate and published 
information in the understanding of the systems, operations, ore treatments and recovery and 
emissions, improvements and challenges.  During 2009 an organisational restructuring of Anglo 
American Platinum mining operations was completed consisting of restructuring newly owned mines to 
improve production, management, safety and environmental protection by reducing pollution. Owing to 
its Precious Metals Refinery (PMR) and Base Metal Refining (BMR) units, Anglo American Platinum 
shares ownership of some private mines acquired by joint-venture agreements or other arrangements 
which granted Anglo Platinum the purchase of concentrate produced by private miners, enabling the 
company to maintain production up to 2,464 million ounces of PGMs, compared 2,645 million ounces 
of production in 2008, an unwelcome occurrence in recent years (Anglo Platinum Limited, 2009). 
 
7.3. Mining operations and their Impact in the Western limbs of the Bushveld Complex 
 
Anglo American Platinum operates in the Western limbs of the Bushveld Complex exploiting the 
world’s largest known igneous complex that extends over 65,000km2 and reaches a depth of about 
7km (Jones, 2006). An approximate distribution of the operating costs in the recovery of precious 
metals in South Africa includes about 72% in mining operations, while ore concentration accounts for 
approximately 10%, and smelting and refining each account for approximately 9% (Jones, 2006). 
Mining operations are very expensive; this is explained by the efforts made in terms of the cost 
involved in research and continual engineering and technological redesigning solutions. Technological 
redesigning solutions include the provision of systems to identify hazards and finding ways to clear 
them. Mining operations also involve different energy resources and associate different techniques 
using appropriate mining equipment such as winches; air loaders; centralised and electronic blasting 
enabling entire mine to be evacuated and cleared of people before the blast takes place (Anglo 
Platinum Limited, 2009). 
 
An average concentration of PGMs of about five grams (5g) can be found in one metric ton (1,000kg) 
of mined ore which can be sent directly to the Precious Metals Refinery (PMR) unit. The rest of the 
mined ore undergoes ore concentration operations. Precious metals are completely recovered from the 
mined ore (Jones, 2006). Mining and ore processing results in land transformation, surface and ground 
water is potentially affected by use of chemicals and non-renewable resources. Important and varied 
wastes are generated which interact with local communities. Airborne emissions affect and put under 
stress local communities and the immediate environment such as underground water, livestock, fauna, 
and flora. In return, mining companies put in place appropriate management systems tailored to ISO 
14001:2004 standards to track legal compliance in an effort to prevent pollution (Anglo Platinum 
Limited, 2009). 
 
7.4. Ore Concentration Unit  
 
Ore mined is received at the ore concentration unit mainly for the separation of valuable contents to 
rocks and sand. Ores undergo crushing, milling, and wet-screening to obtain pumpable slurry which 
73 
 
bears the precious metals. Separation occurs in flotation cells where the reagents (chemicals) are 
added to aerate slugs carrying high-grade collected PGMs (Anglo Platinum Limited, 2009). The 
operations of ore concentration are accountable for large amounts of waterborne emissions and 
emissions to soil in the PGMs recovery process. An approximate composition of a metric ton received 
at the ore concentration unit of Waterval is given in Table 7.1. 
 
Table 7.1:  Analysis of the concentrate at the Waterval ore concentration unit. Source: (Jones, 2006) 
 Al2O3% CaO% Co% Cr2O3% Cu% FeO% MgO% Ni% S% SiO2% PGM g/t Total% 
Anglo 
American 
Platinum 
Waterval 
3.2 4.7 0.08 0.80 2.1 20 15 3.6 9 34 143 92 
 
The composition of the above concentrate (Table 7.1), are required, precious metals (PGM plus gold) 
and metals (nickel (Ni), copper (Cu) and cobalt sulphate (CoSO4)) (Anglo Platinum Limited, 2003). 
 
7.5. Recovery of PGMs, Gas Emission, and Use of Energy by the Smelter Process of Ore 
 
Smelting is a part of the process intended to recover precious metals from the concentrate slug by use 
of furnaces. A simplified smelter process flow schematic at the Waterval is given in Figure 7.3 below. 
 
Figure 7.3: Simplified Smelter Process Flow Schematic at Waterval. Source: (Jacobs, 2006) 
 
Use of Energy 
The primary smelter at Waterval is made of two six-in-line electric furnaces of Hatch design, equipped 
with a primary electric transformer of capacity of 39MVA. The parallel piped furnaces are designed with 
internal dimensions of 25.8m long and 8.0m wide with an endowed refractory shell of a nominal design 
power flux of about 146kW/m2. The voltage supplied to the primary transformer is 88kV which is de-
74 
 
escalated to 6.6 kV by use of five secondary transformers of 20MVA. The electrical voltage is further 
de-escalated by six 6.5MVA transformers to the final voltage of 100-200V when they are connected in 
star coupling and to 170-350V in delta on each furnace. The secondary smelter, less in capacity and 
power, is designed for the recovery of possible precious metals still contained in the furnace slag that 
is to be discarded. To reduce the energy requisite for smelting and minimize blowbacks or explosions 
from the furnaces, the wet concentrate which contains about 17% by mass of moisture is firstly 
dewatered by four electrical presses to less than 12% of moisture. The concentrate may then be dried 
in-depth by means of a drying process with a series of instantaneous flash dryers of different drying 
capacity from 3,875 to 12,000kg/h with different feed-rate varying from 35 to 58t/h. Moisture is finally 
reduced to less than 0.5% by using the combustion of coal to provide hot gas in a fluidised bed 
(Cramer, 2001). 
 
At an average temperature near to 1500°C, depending on the composition of the concentrate sulphide 
gangue mineral, a composition of silicate slag and oxide is separated from the inorganic sulphide matte 
and discarded. Matte then includes base and noble metals. According to Jacobs (2006), the analysis of 
the composition of furnace matte is as shown in Table 7.2, in which the iron (Fe) 41% and S 27%, (not 
needed), are still prevailing. In general this is the composition of the matte at this stage of the PGMs 
recovery, in which 95% of the total of the slag is discarded. Smelters have a feed rate ranging from 25 
to 54T / h. 
 
Table 7.2: Furnace matte analysis at the Waterval Anglo platinum smelter. Source: (Jones, 2006) 
 Co% Cr % Cu% Fe% Ni% S% PGMg/t Total% 
Anglo Platinum 
Waterval 
0.5 0.5 9 41 17 27 640 95 
Subsequently, at elevated temperatures the concentrate melts further and splits into two liquids 
phases; a lighter molten matte and slag rich in iron, having a density of about 2.7 to 3.3, is separated 
under the gravity from the molten matte, being denser, with a density of about 4.8 to 5.3 and rich in 
nickel and copper sulphides and in precious and base metals (Jones, 2006). The lighter molten matte 
is discarded and undergoes milling and cleaning of slag for possible recovery of PGMs, and the molten 
matte is finally conveyed and discarded to the tailings dam (Figure 7.3).  
Gas Emission 
20% of the sulphur entering the smelter (Table 4) is converted into furnace gas, of which 0.4% 
transforms into SO2 (Jones, 2006). The off-gas leaves the furnace toward gas cleaning plant and acid 
plant (Figure 7.3). Table 7.3 shows the analysis of PGMs ratio in the furnace matte composition of the 
smelters of mining companies operating in different geological formations of the Bushveld Complex.  
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Table 7.3: PGMs ratio in the furnace matte composition of the smelters in South Africa Source: (Jones, 
2006) 
 
Anglo Platinum 
Waterval 
Anglo Platinum 
Union 
Implats 
Lonmin 
Merensky 
Lonmin 
UG2 
Northam 
PGM g/t 640 830 1050 1000 2500 724 
 
 
7.6. The Converter and the Contact Plant 
 
7.6.1. Introduction 
 
The furnace matte leaves the smelter as it goes to the granulation stations. Put into matte ladles and 
hydraulically driven to the granulation launder, the furnace matte is shear-quenched to form fine 
particles for an appropriate dry feeding in the Anglo Platinum Converter (ACP converter). The 
granulated matte is first dewatered to less than 10% moisture then dried in hot air at about 350°C 
before being sent into the converter (Jacobs, 2006). 
 
7.6.2. The Furnace Matte Converting Process  
 
The converter is designed to further separate the precious metals and base metals from the granulated 
matte. Because of its rich composition in iron (41%) and in sulphur (27%) (Table 4), the granulated 
furnace matte undergoes a converting process in an attempt to completely remove Fe and S. This 
happens by blowing oxygen-enriched air through the top-submerged lance converter where the oxygen 
reacts with the furnace matte at high temperatures ranging around 1300°C. The blown oxygen-
enriched air can then oxidise Fe and S into iron oxide slag (FeO2) and sulphur dioxide gas (SO2) 
respectively. The iron in the matte can be cut down from 40% to around 3.5%. The converter can 
accommodate around 14,000t of furnace matte per month, an average of 459t per day, since 2006 
(Jacobs, 2006). Due to considerable amounts of the oxygen-enriched air which are blown into the 
converter, a typical minimum production of 4% of a highly concentrated SO2 composes the off-gases 
that leave the converter toward gas cleaning and acid plants (Jones, 2006). An estimated average of 
14.4 tonnes of SO2 emissions occurs daily at Waterval smelters and refineries and some fugitive SO2 
emissions from the mouth of smelters; these are emitted to the air from a stack (Anglo platinum, 2009). 
 
7.6.3. Converter matte and slag analyses 
 
The converter matte analysis in Table 7.4 shows the increase of concentration in base and precious 
metals when concentrations of Fe and S have been cut. After leaving the converter the matte can be 
processed by crushing and milling in order to separate base metals from the precious metals at the 
magnetic concentration plant (MCP).  BMR is a process based on magnetic concentrate leaching and 
leaching electro-wining methods of producing Nickel, Copper and Cobalt sulphate; while PMR is based 
on dissolving and processing pure metal products, PGMs and Gold. 
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Table 7.4: Converter matte analysis at the Waterval Anglo platinum converter Source: (Jones, 2006) 
 
 
 
 
The Table 7.5 shows the converter slag analysis. The converter slag is sent back to the furnace slag 
(auxiliary smelter) to attempt the recovery of any possible PGMs concentration within the slag. 
 
Table 7.5: Converter slag analysis at the Waterval Anglo platinum converter. Source: (Jones, 2006) 
 Al2O3% CaO% Co% Cr2O3% Cu% FeO% MgO% Ni% S% SiO2% Total% 
Anglo 
Platinum 
Waterval 
0.7 0.4 0.45 0.4 1.17 63 1.1 2.25 2.4 27 99 
 
 
7.7. The Off-gas Handling Processes 
 
7.7.1. The Cleaning of Off-gas and the Conversion of Highly Concentrated SO2 at the Contact 
Plant 
 
According to Jones (2006), the converter off-gases containing a highly concentrated SO2 are subjected 
to a jet solid scrubbing and to a gas cleaning process at the gas cleaning section. The main acid-plant 
blower can thereafter draft the off-gases through a gas conditioning section where they are diluted with 
air or the off-gas from electric furnace to obtain a diluted gas containing 10% of SO2. The diluted gas is 
first mixed with 65% sulphuric acid (H2SO4) then with 92% H2SO4 to reduce the moisture content to 
less than 77mg/Am3. The conversion of the SO2 in the diluted gas to sulphur trioxide (SO3) can be 
processed in the tower plant, at the contact plant. Through four passes consisted of vanadium 
pentoxide (V2O5) catalyst, SO2 is converted to SO3 in rates of 69% of SO2 by the first pass in a hot heat 
exchange of 435°C. A total of 92.8% of SO2 is converted by the second pass at a temperature raised to 
503°C. An overall of 97.2% of SO2:SO3 conversion is attained by the third pass again cooled to 435°C. 
At the fourth pass, the overall conversion SO2:SO3 reaches approximately 99.91% and this happens at 
447°C. The tail gas, cooled, goes to the final absorption tower where it is absorbed in 98.5% H2SO4 
and passed through candle mist acid droplets and mist eliminators. Finally the residual tail gas is 
released to the atmosphere by means of a stack at less than 100ppm SO2 concentration (Jones, 
2006). The main reason for the SO2-SO3 transformation is the absolute avoidance of the air pollution by 
SO2 pollution. SO2-SO3 transformation is a target to comply with regulations (Sichone, 2009). The tail 
gas released into the air is a composition with a low concentration in SO2 of less than 100 parts per 
million (<100ppm); this means also only 100 molecules of SO2 may be found in the composition of one 
million (1,000,000) molecules of the tail gas (Anglo Platinum, 2009). Due to the high rate of SO2-SO3 
transformation, an important amount of H2SO4 can be collected at the acid plant proportionally to the 
 Co % Cu % Fe % Ni % S % PGM g/t Total% 
Anglo Platinum Waterval 0.5 26 2.9 47 21 2100 97 
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capacity to handle the intermittent supply of the highly concentrated SO2. The SO2 is then transformed 
into H2SO4 (Figure 8.7) (Rodney, 2004). 
 
7.7.2. The Conversion of Weakly Concentrated SO2 
 
The weakly concentrated SO2 is handled as well. This produces a weak sulphuric acid solution. The 
cleaning section continuously drafts electric furnace off-gas and off-gases across the plant which are 
collected at the pre-quench and post-quench towers to remove most of the solids that are carried away 
by the flow of gases. Oxygen from air and caustic soda are added to scrub out particulate matters in 
the off gas stream, casting them out into a tailings dam where they are all discarded variously as weak 
sulphuric acid, sodium salt, and slurry of dust. The cleaned off-gas is thereafter carried to the gas 
conditioning area where the removal of moisture occurs. The dried off-gas is directed into the de-
nitration section whereby large amounts of nitrogen oxides (NOX) are absorbed as well as SO2 in part. 
Further absorption of NOX occurs when the off-gas stream is passed through a balancing vessel 
NO:NO2 in ratio 1:1. The off-gas with the remaining SO2 is then ducted into the acid generation plant 
where it is absorbed to produce a strengthened (nitrosyl) sulphuric acid (HNO5S). The off-gas is finally 
sent to the contact plant (Figure 8.6) to remove the residual NOX and SO2 gases where the tail gas 
results in less than 10 part per million of SO2 (10ppm SO2) and 100 ppm NOX (Jones, 2006). In 
general, platinum mining companies are constrained to meet the compliance on SO2 emissions in a 
limit rate of 25 tonnes per day enforced by the regulation; otherwise monetary penalties follow for non-
compliance. Figure 7.4 following describes the trend of the Anglo Platinum Waterval smelter 
endeavours to aligning its SO2 and NOX emissions with the permitted rates since 2003-2010. In 
general, mining companies are constrained to meet the compliance on SO2 emissions enforced by the 
regulation which is to align with 25 tonnes of SO2 emissions per day, otherwise monetary penalties for 
non-compliance result. Figure 7 following describes the trend of Anglo Platinum Waterval smelter 
endeavours to align its SO2 emissions with the permitted rates over the years since 2003. 
 
 
Figure 7.4: Decrease in SO2 emissions at the Waterval Smelter; Source: (Hundermark et al., 2011) 
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Afterward the crushed converter matte is milled and sent in the magnetic concentration plant (MCP) 
whereby the precious metals fraction is separated magnetically. This is pressure leached to yield a 
solid final concentrate that is sent to a precious metals refinery (PMR). Base metal-rich non-magnetic 
solids and leach solution are processed further in the base metal refinery (BMR). PMR is based on the 
dissolution using hydrochloric acid and chlorine gas whereby PGMs are sequentially separated and 
purified to yield platinum, palladium, iridium, ruthenium and gold. Osmium is precipitated as a salt. 
BMR is based on magnetic concentrate leaching and leaching electro-wining methods of producing 
nickel, copper and cobalt sulphate (Anglo American Platinum, 2011). 
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CHAPTER 8 
 
LIFE CYCLE INVENTORY ASSESSMENT OF THE 
RECOVERY PROCESS OF PLATINUM GROUP METALS 
CHAP 8: LIFE CYCLE INVENTORY ASSESSMENT OF THE RECOVERY METALS 
8.0. Goal and Scope Definition 
 
The current chapter provides a description of LCIA developed for an environmental assessment of the 
process of recovering PGMs which is described in the previous Chapter 7. As previously detailed in 
7.1, the assessment was primarily aimed at investigating to what extent the production of PGMs could 
be held accountable for environmental damage not only caused by SO2 infused into the atmosphere. 
As the smelting and converting processes could not be the only the process with emissions, a rational 
boundary was therefore set up from mining to off-gas handling process. 
8.1. Life Cycle Inventory Assessment of PGMs recovery process 
 
8.1.1. Introduction 
 
The development of the LCIA was established by the use of the Umberto for carbon footprint software. 
The calculation of the carbon footprint emissions was completed after the obtaining the inventory 
analysis which was developed in using Umberto. Most data on emissions were provided by the 
Umberto database. 
 
8.1.2. Flow-material Inventory Analysis in the Ore Mining Phase 
 
8.1.2.1. The Life Cycle Inventory of Flow-material 
 
 
 
 
 
 
 
 
 
 
 
Figure 8.1: Flow-material in the mining phase. (Developed using Umberto software) 
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8.1.2.2. Equivalent Carbon Dioxide 
The following Table 8.1 presents a typical composition of one tonne (1t) of ore mined. A total amount of 
equivalent carbon dioxide of about 481.89kgCO2-eq is associated with the process. The masses 
displayed in the column “product” together with the designated constituents, are apparent weights 
which are in relation to the molecular masses of these constituents. They are the total masses of the 
constituents in the entire life cycle analysis. The column "share", however depicts, by a length, the 
amount of CO2-eq emissions emitted by each constituent in a phase (Table 8.1). The dust, for 
instance, had its full length of CO2-eq emissions in the mining phase only; this is shown by a full length 
of dust emissions in the mining phase. 
 
Table 8.1: Equivalent carbon dioxide for mining one tonne (1t) of ore  
 
The highest impacts in CO2-eq emissions are attributable to both the broken rocks and wastewater 
supplied from different sources. Each of these emissions had 138.29kg CO2-eq. 
After being treated, wastewater can be used to wet the mining site surface for preventing important 
dust emission before operation. This generally occurs in case of operation in an open pit site. Though 
water was used to attenuate the impact of the dust, the emission from dust could be counted as 
important with 102.35kg CO2-eq. 
 
 
 
 
 
 
 
 
 
Figure 8.3: Open pit mining operations. (The 
open pit enables shallow ore 
bodies to be accessed) 
Sources: (Anglo Platinum Limited, 2003 & 2009) 
  
Figure 8.2: Underground mining operations. 
(Drilling, blasting and hauling below 
earth surface) 
Source: (Anglo Platinum Limited, 2009 & 2003) 
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CO2-eq emissions resulting from mining operations were both direct and indirect emissions. Indirect 
emissions mainly came from the use of large amounts of electricity supplied by Eskom, which are 
primarily produced from non-renewable energy resources. According to Eskom in a report in 2009 
(Eskom, 2009), the electric power supplied is produced from an energy mix, of which 88% is supplied 
from coal-fired power generation; this has notable impacts of direct emissions of CO2 to the 
atmosphere. Conversely direct emissions mining PGMs came from the direct consumption of non-
renewable energy resources such as coal, petrol, diesel and LPG. 
 
8.1.3. Inventory Assessment of Flow-material in the Ore Concentration Phase 
 
8.1.3.1. The life Cycle Inventory of Flow-material 
 
 
 
 
 
 
 
 
 
Figure 8.4: Flow-material in the concentration phase. PGM recovery up 400g/t of concentrates 
(Developed using Umberto software) 
 
Figure 8.4 was developed using Umberto for the carbon footprint software. Important amounts of 
emissions end up at tailings dams; among them are counted the acid mine drainage which affect 
underground water sources. The onsite recycling of wastewater has direct and indirect emissions 
which may be related to the chemicals and the energy used. 
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8.1.3.2. The Equivalent Carbon Dioxide 
Table 8.2: Equivalent carbon dioxide to process a tonne of concentrates 
 
Table 8.2 showed a total amount of carbon equivalent (CO2-eq) of 1,574.96kg CO2-eq to process a 
tonne of ore by concentration. The masses in the first column and the explanation of the column 
“share” were introduced and explained in 8.1.2.2. The most preponderant CO2-eq emissions in the 
previous Table 8.2 are attributed to wastewater treatment (454.65kg CO2-eq), crushed rocks (454.65kg 
CO2-eq), sulphur (344.82kg CO2-eq), blown air (121.88kg CO2-eq) and the sand (121.88kg CO2-eq), 
which requires efforts in terms of energy and water supply for removal. Blown air represents indirect 
CO2-eq due to the energy used to pump slurry from milling to comminution, which is the grinding of the 
slurry ore to powder or to dust (Figure 8.4). It is also important to observe that wastewater treatment 
can likely transfer reagents (PGMs collectors) to the tailings dam, with the unfortunate occurrence acid 
mine drainage. 
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8.1.4. Flow-material Inventory Assessment in Smelting Phase 
 
8.1.4.1. The Life Cycle Inventory of Flow-material 
 
 
Figure 8.5: Flow-material in the smelting phase at Waterval smelter. PGMs recovery: 640g/t of matte 
(Developed using Umberto software) 
 
8.1.4.2. Equivalent Carbon Dioxide 
 
The following Table 8.4 shows a total of 2,084.72kg CO2-eq of emissions of a tonne of concentrate in 
the smelter. The masses in the first column and the explanation of the column “share” were introduced 
and explained in 8.1.2.2. 
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Table 8.3: Equivalent carbon dioxide to the smelting process  
The most important CO2-eq emissions in this phase were from polysulphides, cast iron, blown air used 
at the flash dryers, gas flow, sulphuric acid, water treatment used at granulation, flux of limestone 
(rocks) added to reduce the viscosity and liquidus temperature of the slag and an iron silicate slag 
known as the Fayalite (Fe2SiO4). Most emissions in this phase are discarded in a tailings dam. These 
are waterborne emissions and emissions to soil. 
8.1.5. Flow-material Inventory Assessment in Converting Phase 
 
8.1.5.1. The Life Cycle Inventory of Flow-material 
The following Figure 8.6 depicts three conversions that happen in the converting phase. The first two 
conversions are Fe to FeO2 and S to SO2. As earlier defined in 7.7.2, the greatest amount of Fe 
converted into FeO2 was cleared off as slag, while a significant amount of S was converted into SO2, 
which is a gas that was piped together with off-gas from around the plant toward the gas cleaning plant 
(Figure 8.7). The third converting process occurs in the contact plant (Figure 8.6) wherein the highly 
concentrated SO2 which was cleaned at the cleaning plant is weakened by producing SO3.  
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Figure 8.6: converter process and contact plant process at Waterval smelter. 
PGM recovery: 2100g/t of matte. (Developed using Umberto software) 
 
Large amounts of electrical power are used to provide high bath temperatures converter which are 
around 1300°C. Supplement energy is supplied by burning hard coal to increase the bath temperatures 
of the converter to achieve significantly the reaction between iron and oxygen to FeO2.  
8.1.5.2. Equivalent Carbon Dioxide 
Table 8.4: Equivalent carbon dioxide to the process of converting 
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1,650.17kg CO2-eq is the total of carbon equivalent of the granulated matte undergone converting 
processes (Table 8.5). Each and every product is associated with an amount of CO2-eq emissions that 
are seen as direct, except those from PGMs, blown air, copper, nickel, cobalt, sulphuric acid, are seen 
as indirect. 
8.1.6. Flow-material Inventory Assessment over off-gas handling process 
 
The following Figure 8.7 portrays the process at the off-gas handling unit, the gas cleaning plant where 
off-gases are cleaned, the double absorption acid plant where SO3 is absorbed by H2SO4, the tailings 
dam where weak sulphuric acid solution, sodium salt and slurry of dust are discarded and the (exhaust) 
stack where the off-gas bearing weak SO2 and NOX is vented to the atmosphere. 
 
8.1.6.1. Life Cycle Inventory of the flow-material in off-gas handling phase  
Figure 8.7: ACP gas cleaning process and acid plant processing at Waterval smelter. (Developed using 
Umberto software) 
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8.1.6.2. Equivalent Carbon Dioxide 
Table 8.5: Equivalent carbon dioxide to the off-gas handling process 
 
The Table 8.5 above shows the three constituents in the off-gas handling phase with their CO2-eq 
emissions; whereas the other constituents with no emissions are those sent to the magnetic 
concentration plant. Additionally, the three CO2-eq emissions may be justified by the energy consumed 
by the units used and by the use of chemicals. 
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8.1.7. The Life Cycle Inventory and the Flow-material in the PGMs recovery process, from mining to off-gas handling phases at 
the Anglo American Platinum 
 
 
Electro catalyst properties 
 
 
 
 
 
Figure 8.8: Life cycle inventory and flow-material in PGM recovery process, from mining to off-gas handling phases at the Anglo platinum Waterval 
smelter. (Developed using Umberto software) 
 
The above Figure 8.8 depicts the integration of all the phases in the process of recovering PGMs.  
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8.1.8. The Global Balance-sheet for the PGMs recovery process  
 
Table 8.6: PGMs recovery process: the global balance-sheet 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The PGMs recoveries balance sheet is deduced from the Life Cycle Inventory Analysis in Figure 8.8. It 
summarises all the input and output materials and shows all transitions. Discussions with regard to the 
phases previously elaborated can sustain the analysis and the understanding of the above balance 
sheet. 
The Life Cycle Assessment in PGMs recovery process showed airborne and waterborne emissions as 
well as emissions to soil. These were quantified in terms of equivalent carbon dioxide by the use of 
Umberto for carbon footprint software. Emissions observed were both direct and indirect. Direct 
emissions were solid, liquid and gas from ore composites, chemicals, coal, fuels and water recycled. 
Indirect emissions were mainly from the use of electricity supplied coal-based. The Anglo American 
improved the off-gas handling process by the use of the ACP converter and the contact plant which 
minimizes SO2 emissions to 10ppm and NOx to 100ppm before the off-gas can be infused to the 
atmosphere. 
The LCIA had revealed more other significant emissions, in addition to SO2, which go along the 
production of PGMs. This can enhance the capacity to understand and appreciate, in an 
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environmental viewpoint, the value-stream of the PGMs that are involved in the development of the 
hydrogen and fuel cell technology PGM-based for the production of clean and renewable energy. 
 
8.2. Recapitulation of the Carbon Equivalent Emissions In Processing a Tonne of Ore for 
the Recovery of PGMs 
 
Table 8.7: Recapitulation of CO2-eq emissions in processing a tonne of ore from mining to off-gas 
handling phase 
Product 
Relative mass 
(kg) kg CO2-eq 
    Mining 
Ore 
concentration Smelting Converting 
Off-gas 
handling Total 
Blown air 40,00 42,65 121,88 115,49 34,38 1,43E-15 314,40 
Chromium oxide, 
Flakes 144,32 3,52 10,05 121,41 75,33 -5,16E-15 210,31 
Cobalt 2,36 0,25 0,72 8,70 90,60 6,33E-16 100,27 
Copper 49,11 1,48 4,23 51,07 314,37 1,74E-14 371,15 
Crushed rocks 779,79 138,29 454,65 592,94 
Dust 0,20 1,26 1,26 
Fayalite 178,01 12,87 36,79 467,46 355,30 -1,02E-13 872,42 
Gas flow/ particles 2339,22 8,34 23,84 287,95 94,38 401,01 815,52 
Iron oxide 119,70 4,78 13,65 164,89 118,18 6,43E-14 301,50 
Limestone   177,36 177,36 
Magnesium oxide, 
flakes 7,62 0,48 1,37 16,50 44,59 -4,36E-15 62,94 
Nickel 52,67 4,22 12,06 145,65 355,22 3,58E-14 517,15 
PGM 1,12 0,07 0,21 2,57 83,34 1,90E-16 86,19 
Polysulphide, sealing 
compound 60,33 3,53 10,09 144,94 60,81 219,37 
Sand 2,00 17,43 79,99 4,39 101,81 
Secondary sulphur 650,00 102,35 344,82 126,96 574,13 
Sulphuric acid 249,86 2,03 5,80 70,09 23,03 107,80 208,75 
Sulphur dioxide 0,14 0,06 0,16 1,92 0,63 2,71 5,48 
Wastewater 
treatment, particle 
board production 
effluent 103,89 138,29 454,65 177,36 770,30 
Total Equivalent Carbon  
Dioxide (KgCO2eq)  481,90 1574,96 2084,71 1650,16 511,52 6303,25 
 
The Table 8.7 provided the recapitulation in CO2-eq of individual constituents which was assessed on 
a four tonnes of mined ore basis. A total of 6303.25kg CO2-eq may be estimated. The concentration of 
PGMs in a tonne of ore extracted is graded from 4 to 7g/t in average. 
 
8.3. An Overview of Environmental Annual Reports in 2011 of Three South African Mining 
Companies, Producers of PGMs 
 
8.3.1. Introduction 
 
An environmental report is an account in the inclusive report which is published annually or in 
semester by a company; the others are economic and social. The environmental annual report has 
been integrated in the annual report to objectively understand and forecast environmental 
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sustainability. An overview of global environmental figures portrays general trends and strides which 
rely on indicators of performances, weaknesses, and accountability.  
 
8.3.2. The 2011Annual Report Anglo American Platinum 
  
The Anglo American Platinum Limited in its report in 2011 states environmental accountability on 
materials, energy, water, land and emissions. A recapitulation of annual reports of the company’s prior 
three years provides an understanding of the trends in operations and improvements or declines 
(Anglo American Platinum Limited, 2011). 
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Figure 8.9: Environmental indicators in the Anglo American Platinum Limited annual report. 
Source: (Anglo American Platinum Limited, 2011) 
 
Figure 8.9 shows an impressive reduction of about 91.4% of SO2 emissions in 2011 in comparison to 
the three past years. It is reported that over 91% of GHG emissions are indirectly provided from 
electricity purchased from Eskom (Anglo American Platinum Limited, 2011). As previously indicated, 
Eskom is the sole supplier of electricity in the country, which 88% comes from coal-fired power 
generation (Eskom, 2009). 
 
The 2007-2011environmental report (Figure 8.9) above provides indicators of improvements and 
declines occurring in the bid to meet financial and environmental targets. The indicators in Figure 8.9 
present the effort to increasingly produce PGMs. Indicators also show a trend of proportional growth in 
GHG emissions though reduction of SO2 emissions being met. 
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8.3.3. The 2011 Annual Report Impala Platinum 
 
Implala Platinum South Africa (Implats) is the world’s second largest platinum producer with a capacity 
of supplying approximately 25% of the world’s platinum which includes 14% of recycled material. 
Implats is structured around six main operations namely, Impala, Zimplats (Zimbabwe), Marula, 
Mimosa (Zimbabwe), Two Rivers and Impala Refining service. A total of 22 underground shafts are 
also part of the company assets (Implats, 2011). The Figures 8.10 (a) and (b) below portray the 
reports of key non-financial performance and an extract of operating statistic. 
 
 
 
 
 
 
 
 
 
 
 
Figure 8.10a: The 2011 Annual report Implats, key non-financial performance 
Source: (Implats, 2011) 
 
 
 
 
 
 
Figure 8.10b: The 2011 Annual report Implats, extract of operating statistics 
Source: (Implats, 2011) 
 
Implats report, similarly to the Anglo American Platinum Limited report, portrays emissions of 
18,881tonnes/pa of SO2, an average of 51.7 tonnes/day of SO2 which can be observed yet as a 
challenge to overcome by the company in regard to the daily limit to align of 25 tonnes per day. A 
growing effort in terms of finances is annually put to increase the production capacity of PGMs. This 
results in a rise of GHG emissions and in resilience dropping down SO2 emissions. Various aspects in 
operations may be held responsible for such non-performances in finances and environmental 
performance. 
 
8.3.4. The 2011 Annual Report Lonmin Plc. 
 
Lonmin Plc. is the third largest platinum producer in the world. Lonmin operations are all in South 
Africa. The following figures 8.11 a, b, c, d, e, f were extracted from the Key Sustainability 
Performance Statistics (KSPS) of the 2011 financial report. These figures integrate the 2007-2011 
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report which could provide a clear understanding of performance trends (Lonmin Plc., 2011).  A 
positive performance is observed in SO2 emissions (Figure 8.11c) with an average amounting to 10.58 
tonnes per day, which is far below the 25 tonnes per day. 
 
 
 
 
 
 
 
Figure 8.11a    Figure 8.11b            Figure 8.11c 
 
 
 
 
 
 
 
 
 
 
Figure 8.11d    Figure 8.11e 
 
 
   
 
 
 
 
 
 
 
 
  
Figure 8.11f 
Figure 8.11a, b, c, d, e 
& f: Key Sustainability 
Performance Statistics. 
Source: (Lonmin, 2011) 
95 
 
 
CHAPTER 9 
 
ENVIRONMENTAL IMPACT ASSESSMENT OF THE 
PGMs RECOVERY PROCESS USING THE ECO-
INDICATOR 99 METHODOLOGY 
CHAPTER 9: ENVIRONMENTAL IMPACT ASSESSMENT OF THE PGMs RECOVERY PROCESS USING THE ECO-
INDICATOR 99 METHODOLOGY  
9.0. Goal and Scope Definition 
 
The identification of impacts to human health, ecosystem quality and resource extraction in the 
process of recovering PGMs, was the motivation to elaborate this assessment by use of eco-indicator 
99 methodology. 
The scope of this assessment is consistent with the two previous chapters. 
 
9.1. The Environmental Impact Assessment Form 
 
Table 9.1 Environmental Impact Assessment (EIA) Form for the recovery of PGMs from 
mining to off-gas handling phase  
 
Product or process 
 
The recovery of PGMs from mining to off-gas 
handling phase 
 
Project 
 
Environmental Impact Assessment of the recovery process of 
PGMs.  (Primary data aligned with the Anglo American Platinum 
2011 Annual Report) 
 
Date 
08-06-2011 
 
Author 
Junior Mabiza 
    
 Inputs to the  Production Phase  (Materials, Processes, energy)   
Material or process Amount Indicator (weighted damage 
factor) =  (damage factor x 
normalisation) ÷ weight 
(Pré Consultants,2000)  
(Pré Consultants,2001) 
Exposure & Type of 
damage factor 
Result (Impact) 
Coal           140 E+6 Kt       1.26E-03 Damage to Resources 
caused by extraction of 
fossil fuels (H,A) 
          1.76 E+5 
Energy from electricity purchased, 
produced from coal 
      19049 E+9 KJ      42.95E-05  Damage to Resources 
caused by extraction of 
fossil fuels (H,A) 
          8.18 E+9 
Energy from processed and  fossil 
fuels  
       6119 E+9 KJ      29.58E-03 
     (crude oil) 
Damage to Resources 
caused by extraction of 
fossil fuels (H,A) 
          1.81 E+9 
Fuels        59.68 E+6 L      29.58E-03 
     (crude oil) 
Damage to Resources 
caused by extraction of 
fossil fuels (H,A) 
        17.65 E+5 
Grease         5.40 E+8 Kg           -*             -* 
Land conversion in industrial area 
(PDF* x m2 per yr.): Land acquired 
for mining and relate activities in 
2011   
     202.51 E+2 Ha        1.68E-03  Damage to Ecosystem 
quality causing  Potential 
Disappeared Fraction of 
Species per m2 per year 
(E,E) 
         34.02 E+0 
Liquid petroleum gas 
(composition of: 
 
90% propane (C3H8), 
 
 5% propylene (C3H6) & 
        4.48 E+6 Kg         
with : 
 
        4.03 E+6 Kg 
 
     224.00 E+3 Kg 
 
 
 
1.89 E-9 (H,A) 
 
2.78 E-9 (indic. i-propyl 
 
 
 
 
 
Damage to Resources 
  
 
 
           7.62 E-3      
 
       622.72 E-6 
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9.2. Interpretation of the results 
 
The previous Table 9.1, the EIA Form, brought about an effective understanding of environmental 
damage Impacts which are likely occurring in the recovery process of PGMs, in the boundaries of 
mining and off-gas handling operations at the Anglo American Platinum. The EIA Form (Table 9.1) 
was composed of two sub-forms. The first sub-form, the input resources sub-form, summarised all the 
input materials and processes identified with their amounts, indicators, exposure and type of 
damages; the second sub-form  summarised emissions occurring after transformation processes in 
the ore recovery, commencing with the mining to the off-gas handling process, with data on amounts, 
indicators, exposure and type of damages. 
 
 
 2.5% butane (C4H10) 
 (Liu et al., 1997) 
 
       
       12.00 E+3 Kg 
benzene (H,A))        
 
9.58 E-10 (H,A) 
caused by extraction of 
fossil fuels (H,A) 
 
 
        107.30 E-6 
     Σ     8.35 E-3 
Lubricating and hydraulic oils           7.91 E+6 Kg          -*             -* 
Mineral extraction      365.47 E+8 Kg       9.4 E-3 
(Obtained by weighted 
average indicator of Al, Ca, 
Co?, Cr, Cu, Fe, Mg, Ni, S?; 
Si?; PGMs?, with reference 
to Table 7.1) 
Damage to Resources 
caused by extraction of 
minerals (E,E) 
        3.43 E+8 
Sub Total [mPt]           10.33 E+9 
 Remarks:  
• PDF* refers Potential Disappeared Fraction of Species (Pré Consultants,2000) 
• - * no evident record 
 Emissions likely occurring in PGMs recovery process (Materials, waste, energy) 
Materials or process 
(From the converter slag analysis. 
Table  & The Annual report 2011) 
Amount  /    36547kt 
ore milled 
Indicator Exposure & Type of damage factor Impact 
Al2O3 (210E-3Kg in 1t ore)  
 
           7674.87 Kg     11.90 E-3 (H,A) 
(indicator of Al in 
ore) 
Airborne: respiratory effects on humans. 
minimal cytotoxicity exposure from fine 
dust particles   
         91.33 E0 
CaO (120E-3Kg in 1t ore) 
 
           4385.64 Kg           -           -          - 
Cr2O3 (135E-3Kg in 1t ore) 
 
           4933.84 Kg      4.58 E-3 (H,A) 
(indicator of Cr in 
ore) 
Emission to soil          22.60 E0 
Dust (PM10),(PM2.5) (0.20E-3Kg 
in 1t ore) 
         4.20 E+5 Kg      9.40 E-7 Airborne: respiratory effects on humans 
caused by inorganic substances (H,A) 
         39.48 E-2 
FeO (18.9Kg in 1t ore) 
 
         6.91 E+5 Kg  255.42 E-6 (H,A) 
(indicator of Fe in 
ore) 
Emission to soil        176.43 E0 
MgO (330E-3Kg in 1t ore)         0.12  E+5 Kg           - Emission to soil             - 
NOx (Not measured by 
Anglo American) 
     2.20 E-7   Airborne: respiratory effects on humans 
caused by inorganic substances (H,A) 
            - 
S (720E-3Kg in 1t ore)         0.26  E+5 Kg           - Emission to soil             - 
SiO2 (8.1Kg in 1t ore)         2.96  E+5 Kg           - Airborne: respiratory effects on humans. 
minimal cytotoxicity exposure from fine 
dust particles   
            - 
SO2         1.77  E+6 Kg     140.00 E-9 Airborne: respiratory effects on humans 
caused by inorganic substances (H, A). 
Damage to Ecosystem Quality by 
Acidification. 
         2.48 E-1 
Tailings dam area and waste 
rock dump area 
      36.38  E+2 Ha        1.68 E-03  Damage to Ecosystem quality 
causing  Potential Disappeared Fraction 
of Species per m2 per year (E,E) 
            6.11 E0 
     
Sub Total [mPt]            297.11 E0 
Total [mPt]          10.335 E9 
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The largest damage impact was estimated to be 8.18 E+9, which is caused by CO2 emissions indirect 
to PGMs production process, and was associated with electricity purchased equivalent to 19,049 
Tera-joules. As previously pointed out, up to 88% of the South African energy supply is produced by 
coal-fired power generation which has a heavy carbon footprint. The mining sector can be regarded as 
a major contributor to this heavy carbon footprint due to its high energy demand. Another important 
factor contributing to significant energy consumption is the need to supply significant volumes of water 
from external sources, (besides the potable water supply), such as ground and surface water as given 
in Figure 8.9 and also their treatment before and after use. 
 
The second largest damage impact estimated at 3.43 E+8 was attributed to extraction of minerals. 
This damage impact might have been more important if all constituents in mineral, with reference to 
Table 9.1, could have been found with their respective damage impact. The damage impact of 
extraction of minerals is considered as damage to resources.  
 
The damage impact caused by SO2 emissions which has an impact on human health and the 
ecosystem quality, and which is the reason behind the motivation to assess the process of recovering 
PGMs, was relatively minor compared to the damage impacts to resource caused by the extraction of 
fossil fuels and the extraction of minerals, which were far more important (Table 9.1). The damage 
impact caused by Al2O3, MgO and SiO2 emissions, which may likely occur as airborne emissions, 
might result to cytotoxicity exposure from fine dust particles on humans. 
 
9.3. Cross-Analysis Ore milled / GHG Emission Ratios between the Developed Model and 
the Anglo American Platinum Annual Report 
 
9.3.1.  Definition 
 
A cross-analysis of Ore milled / GHG Emission Ratios was made to ascertain whether the model 
developed was built on a reliable method for the evaluation of emissions. On the other hand, the 
cross-analysis was intended to establish the reliability on data published in the annual report of the 
Anglo American Platinum. The level of similarity can be appreciated by a cross-analysis result which 
compares the accuracy of result calculations of both sources of data. Although the model developed 
does not cover the whole process of recovering PGMs compared to the report published by the 
company, and although a rough comparison between the results of both assessments may be seen as 
biased because of the unequal scope coverage, the proportional ratio between of the two 
assessments should not be less than 50% because both assessments covered the phases with the 
most emissions. GHG emissions calculated from the developed model were obtained from 4 tonnes of 
ore processed by reason of 1 tonne per phase from mining to converting. 
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9.3.2.  Cross-Analysis Table 
Table 9.2 Cross Examination Table between analysed data and Anglo-American reported data 
  
Ore milled 
(Tonne)  
GHG emissions 
(KgCO2) 
Ratio  
ore/GHG 
Data from the Model Assessment (DMA) 4 6.30E+03 0.06% 
Data from the Published Report by Anglo 
American, 2011 (DPR) 36547000 3.65E+10 0.10% 
Proportional Ratio: ore/ore  and  GHG/GHG 0.0000109% 0.0000172% DMA/DRP 
63.46% 
 
The DMA/DRP proportional ratio showed an accuracy of 63.46%. Practically many aspects, 
considerations, work related aspects, referred data sources and unequal scopes of the reports can 
justify the margin gap between the ratios. It should also be noted that numerous resources and 
emissions such as reagents (chemicals) or acid mine drainage had missing data either by lack of 
precision in their quantities used or by lack of recorded impact damages which reduced accuracy of 
the result of the proportional ratio (Table 9.2). 
 
9.3.3. The Convergent Results of the Two Evaluations in the Table Cross-Analysis 
 
The concurrent finding in the cross examined data in the Table 9.2 shows that both assessments 
concluded a very high rate of GHG emissions from the process of recovering PGMs. This poses a 
serious question as to whether fuel cell technologies PGMs based should be considered as clean 
technology. 
 
9.4. Conclusion 
 
The recovery process of PGMs is a process with enormous environmental impacts. The concerns 
about SO2 emissions for sustainability of producing PGMs have been sensibly reduced by new 
techniques such as the ACP converting techniques which transform SO2 to SO3 to produce sulphuric 
acid H2SO4 useful for diverse application; though further reduction of SO2 emissions are possible. 
  
While the emphasis on SO2 emissions reduction receives the most attention, the process of recovering 
PGMs is source of enormous damage to resource, by extraction of minerals and fossil fuel reserves 
which are not seen as a direct threat to the sustainability of producing PGMs. 
 
As mentioned earlier mining companies have put in place appropriate management systems tailored 
to ISO 14001 standards. These also track legal compliance and prevent pollution (Anglo Platinum 
Limited, 2009). Yet factual damage impacts caused in the surroundings of PGMs processing plants, 
are held responsible of real environmental challenges namely, air pollution with volatile organic 
compounds and dust emission, acid mine drainage, noise pollution that interact with local 
communities, affecting human health, underground water, livestock, fauna, flora and forced relocation. 
This was reported to us by a delegation of the Mookgopong local municipality in the Limpopo province 
as we met for the COP17 preparation campaign (September 2011).  
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The huge environmental impact caused by energy use in processing PGMs, raises the question of 
what it is being used for. There is the extraction and purification of precious metals and other desirable 
base metals, and there are processes undertaken to comply with environmental regulations in an 
effort to minimise environmental damage; for example cleaning operations. This raises questions 
about the means used to do these cleaning operations and whether their GHG emissions and other 
environmental damage can in fact reduce the overall damage caused by using energy. A further study 
on this aspect may be of some use. 
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CHAPTER 10 
 
ENERGY POTENTIAL AND THE MANAGEMENT OF 
THE TECHNOLOGY NEEDED TO PROVIDE A 
SUSTAINABLE PLATINUM-CATALYSED FUEL CELL 
DRIVEN POWER SUPPLY IN SOUTH AFRICA 
CHAPTER 10: ENERGY POTENTIAL AND THE MAMAGEMENT OF THE TECHNOLOGY NEEDED TO PROVIDE A 
SUSTAINABLE PLATINUM-CATALYSED FUEL CELL DRIVEN POWER SUPPLY IN SOUTH AFRICA 
10.1. The Basics on Energy Potential  
 
Basically, hydrogen fuel cell technology (HFCT) systems can be used to increase the energy supply of 
a community. It is also a reliable and therefore a sustainable source of energy. The maximum potential 
of “energy capacity” of a HFCT initiative for a specified community can be affected by the maturity of 
the technology, the availability of the resources needed for the project, and all of the specific 
advantages and challenges involved. Globally HFCT development is for energy and environmental 
benefits. HFCT is a stand-alone energy supply system, a self-contained power generation device that 
is able to generate reliable energy for commercial, residential, industrial and automotive vehicle 
applications while emitting only water and heat (Table 10.1). The key concepts for the energy potential 
of the South African HFCT initiative for the long-term energy supply and sustainability can be thought 
through by discussing the following aspects:  
 South African HFCT R&D Initiatives: strategy and objectives 
 Achievement highlights in the first five-year phase of the South African HFCT initiative 
 Availability of investment capital 
 Sustainable mining of PGMs 
 
10.2. South African HFCT R&D Initiatives: Strategy and Objectives 
 
10.2.1. Overview of the Current Trend Global of HFCT Initiative 
The global development trend of fuel cell applications and technologies fuel cell currently classifies the 
use of fuel cells into three comprehensive areas defined as (Gardiner, 2012): 
 Portable fuel cells: units comprising fuel cell technologies designed to be moved including 
auxiliary power units; 
 Stationary power fuel cells: units designed to provide energy, with sometimes heat, which is 
set in a fixed location; 
 Transport fuel cells: units to offer primary propulsion and/or range-extending capability for 
automobiles.  
 
 
 
101 
 
Table 10.1: Application types of currently developed fuel cell systems  
Source: (Gardiner, 2012) 
 
 
10.2.2. South African Hydrogen Fuel Cell Initiative: Strategic Objectives 
  
As earlier detailed, the South African hydrogen fuel cell technology initiatives (HFCT) is a national 
strategy response to the globally emerging HFCT sector, which was formulated by the public and 
private sectors and a group of affected stakeholders while acknowledging the government’s role in 
leading by funding an appropriate knowledge base and stimulation to innovation processes in the use 
PGMs (Mange, 2010). With reference to South Africa’s ability to improve the effective use of its PGMs 
reserves for optimal, sustainable and equitable benefit for the country through a national HFCT 
initiative, there are, among others, the following existing advantages which were looked at over and 
above PGMs potential reserves (Mange, 2010; Sita, 2012):  
 There is a policy environment that promotes manufacturing and development initiatives that 
use these natural resources; 
 There is some pioneering HFCT RDI activities at some universities and science councils; 
HySA systems for instance, with 15 years of HFCT research at the launch of the South African 
HFCT initiative by DST in 2008; 
 There is some national nanotechnology strategy and expertise;  
 There is some specific catalysis expertise; 
 There are some innovative induction heating systems for processing precious and base 
metals; 
 There is leadership in four-generation nuclear reactors; 
 There is a world-class photovoltaic RDI group; 
 There is an abundant  and underutilised solar energy resource ; 
 The fuel cell industry is supported by thermodynamics fluids and design industries. 
 
To analyse the energy potential on SA HFCT initiatives, the only way is to rely on deliveries assigned 
over a period of 2008-2018 (ten year) HFCT project. These deliveries refer to the following vision and 
strategic objectives (DST, 2007; Sita, 2012):  
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 To create knowledge and  human resource capacity that will develop high value commercial 
activities in HFCT utilising local resources and existing know-how 
 Wealth creation through high value-added manufacturing  
A shift to high-value and knowledge-intensive products of natural wealth transformation is a 
national objective which requires a thorough understanding of concepts of new technologies. 
The development of the PGMs catalysis value chain will expose the country, given its potential 
PGMs reserves, to play a prominent role in the global HFCT local industry. 
 Developing hydrogen infrastructure solutions  
The country might likely benefit by promoting the early development of hydrogen infrastructure 
from the existing knowledge of high-temperature gas-cooled nuclear reactors and the Fischer-
Tropsch process, a coal gasification and liquefaction technology, which might assist with 
large-scale production and distribution of hydrogen. 
 Equity and inclusion 
The South African HFCT strategy is partly invested in the creation of a path contributing to the 
local economy as whole to benefit from the country’s natural resources. The economic 
benefits from PGMs resources by HFCT initiative are to reach the poor and side-lined part of 
the community. In the short term, HFCT has the potential to provide a cost-effective reliable 
energy services for various niche applications in Southern Africa. The long-term secondary 
benefits would be a reliable supply of energy for the deeply remote rural zones.  
 
The directly above objectives rely on pre-investment in programmes in order to identify suitable human 
capital. Further advanced objectives of the national HFCT initiatives are as follow: 
 Establishing a base for hydrogen production, storage technologies and processes; 
 Establishing a base for developing PGM-based catalysts; 
 Building on existing global knowledge and developing know-how to apply and build on existing 
HFCT for niche applications to address regional developmental challenges. 
 
10.2.3. Highlighted Achievements in the First Five-Year Phase of the South African HFCT 
Initiative 
  
In the five years of HFCT initiative, South Africa has developed a successful fast-track compared with 
the 10-15 years taken by the global HFCT strategy. This was done at a commercially relevant scale 
for low temperature proton exchange membrane (LT-PEM) applications. More achievements are 
presented in the following points: 
 
10.2.3.1. High performance electro catalytic activities of LT-MEAs locally manufactured 
As earlier indicated, platinum nanophase composite electrode, with surface properties hydrophilic 
based catalyst layers, is suitable to produce hydrogen when used in a standard electrolyser cell or in a 
Solid Polymer Electrolyte (SPE) electrolyser cell. The same nanophase composite electrode, with 
surface properties hydrophobic based catalyst layers, can be used to produce electricity from a Proton 
Exchange Membrane (PEM) fuel cell system. 
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As designated, a setup composed of anode and cathode composite electrodes, combined with a 
specific electrolyte, forms a membrane electrode assembly (MEA). 
 
During tests on composite electrodes manufactured by the research team Petrik et al. (2008), the 
following observations and findings were made known: 
 The first tests were approaches were to achieve current densities at 273K testing 
temperatures with no apparent activity occurred. 
 The composite electrodes were afterward tested in low temperature (T<393K) testing at 333K 
whereby they achieved current densities of about 600mAcm−2 at an applied potential of −2V 
(Petrik et al., 2008); 
 The electrode prepared with the commercial Johnson Matthey Pt/C catalyst, considered as 
baseline, merely reached, under the conditions applied, a current density of 317mAcm−2;  
 Electro catalyst loadings of 0.03 and 0.04 g geometric cm−2 of gas diffusion electrode showed 
an increase in current and conductivity;  
 Electronic conduction was assisted at their loadings by components such as the carbon 
support (Pt/C) and the binder Nafion which optimised the insulating effect but was found to be 
minimal after suitable electrode miniaturization. 
 
The following Figure 10.1 compares the results achieved in terms of current density. All the three of 
the South African results far out-performed the JM Pt/C outcome. JM Pt/C showed no activity below 2 
Volts applied potential. 
 
 
Figure 10.1 Comparison of electroactivity of Pt on HMS composites prepared by sequential deposition 
with binder (Nafion), conductive phase and nanophase upon carbon-based support for high electrolyte 
water electrolysis (conditions:333K; 40% KOH)  Source: (Petrik et al., 2008) 
 
The electroactivity performances of the prepared composite electrodes shown in Figure 10.1 achieved 
in a high concentration electrolyte. These were in the following conditions: a temperature of 333K and 
an electrolytic concentration of 40% KOH; whereas targets were to achieve performances in a low 
concentration electrolyte at 273K. Electroactivity in a chemical reaction is defined to be the chemical 
transformation that involves charge transport at the interface from an electrode to an ionic conductor 
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also known as electrolyte, and the versa. The Figure 4.2 illustrates the electroactivity of a redox 
reaction. Electroactivity as defined is dependent on the physical and thermodynamic properties of the 
electrodes and activities of the different species in solution at the interfaces. Interface properties are 
function of temperature variation, convection, diffusion, bulk solution properties, etc. (Ghali, 2010). An 
electrolyser is such a system by virtue of which gas diffusions are created for the collection of 
hydrogen and oxygen at the cathode and anode electrodes respectively (Figure 4.3). 
 
Petrik et al. (2008) reported that the nanophase electrodes were able to withstand the very high 
degree of hydrogen gas evolution at an applied potential of 6V. They showed that even under these 
aggressively accelerated testing conditions the nanophase catalyst containing thin films was stable 
and durable. The use of Pt composite electrodes in membrane electrode assemblies (MEA) such as 
solid polymer electrodes (SPE) electrolyser systems might bring better efficiencies for water 
electrolysis given the low cell resistance of the SPE electrolyser system which is as little as 0.075 
Ohm in ultra-pure water. Alkaline systems and the like can use composite electrodes with a cell 
resistance of not less than 0.2 Ohm in ultra-pure water.  
Optimising a MEA is not a simple process given the large number of dependent variables partaking in 
the overall output. In the particular case of the electrolyser cell, a successful system will have to look 
at the following parameters as a whole (Petrik, 2008): 
 The overpotential capacity of electrodes for the production of hydrogen and oxygen; 
 The cell potential reduction; 
 The maintenance of energy conversion and cell efficiency. The increase of energy efficiency 
requiring low operating voltage and highly active catalysts; 
 The electrode/electrolyte interface surface properties and energy consumed by reaction steps; 
 The adsorption-desorption processes at the electrode surface; 
 The transport processes and thermal behaviour of gas diffusion electrodes; 
 The analysis of spatial distributions of the transport and the concentration of reactants and 
current density; 
 Other factors related to the type of MEA such as high or low temperature. 
 
10.2.3.2. HT MEAs Catalyst Development 
The manufacture of the first South African high temperature MEAs (HT MEAs) which was developed 
in a joint venture between a local engineering company and a renowned key International partner 
(Sita, 2012). 
 
 
Figure 10.2: Figure First fuel cell electrodes (HT MEA). Source: (Sita, 2012) 
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10.2.3.3. Portable Power Key Programme 
These are portable power system prototypes successfully developed at laboratory level with 
commercial development activities underway (Sita, 2012): 
I. The first South African Combi-Lit battery, which is an aqueous hybrid Li-ion/supercapacitor cell 
chemistry for high power applications such as being used as auxiliary power unit of fuel cell 
vehicles. These power units are manufactured on a small-scale prototype manufacturing line in 
South Africa. Combi-Lit is an activated carbon supercapacitor electrode and a Li-ion battery 
electrode of lithium manganite (HySA systems, 2011). 
 
 
Figure 10.3: First Combi-lit battery manufactured in South Africa.  
Source: (Sita, 2012). 
 
II. The manufacture of the first South African HT-PEM fuel cell stack and bipolar plates by local and 
key international manufacturers. 
 
Figure 10.4: South African first HT-PEM fuel cell stack and bipolar plates  
Source: (Sita, 2012) 
 
III. The manufacture of the first 2.5kW Fuel Cell backup power system prototype in South Africa for 
the Telecommunication & UPS Markets 
 
Figure 10.5: South African first 2.5kW Fuel Cell backup power system prototype 
Source: (Sita, 2012) 
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IV. The manufacture of the first 2kW HT-PEMFC combined heat & power unit for domestic 
applications in South Africa. 
 
Figure 10.6: South African first 2kW HT-PEMFC combined heat & power unit for domestic 
applications. Source: (Sita, 2012) 
 
V. The manufacture the first prototype of a fuel cell powered tricycle in South Africa 
 
Figure 10.7: South African first prototype of a fuel cell powered tricycle. 
Source: (Sita, 2012) 
VI.  The manufacturing plant and the first prototype of a fuel cell to power a fork lift in South Africa 
 
 
 
 
 
 
Figure 10.8: South African first prototype of a fuel cell powered fork lift. 
Source: (Sita, 2012) 
 
10.2.3.4. Human capital development 
Table 10.2: South African HFCT initiative: the human capital development  
   (Sita, 2012) 
 
 
 
 
Qualification Supported (2008-2011) Graduated (2011) 
Masters 51 11 
PhD 21 2 
Post Docs 5 - 
Total 77 13 
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10.2.4. South African HFCT initiative Strategies and the Timescale of the Global Estimated 
Electrolysis Plant Capacity Development  
 
South Africa unlikely to be early adopter of large-scale hydrogen energy technologies, but given its 
HFCT initiative achievements with maturation technology level expected within five years’ time, and 
given the estimated timeframe of the global electrolysis plant capacity projections to oversupply 
hydrogen globally (Figure 10.9), South Africa may be able to position its HFCT initiative to play a 
prominent role in the global HFCT local industry. 
  
 
Figure 10.9: Estimated Electrolysis Plant Capacity. Source: (Gardiner, 2012) 
With regard to hydrogen storage systems, we visited HySA systems at the University of the Western 
Cape. Researches there have been focussing on metal hybrids, other storage systems. Metal hybrids 
absorb and release hydrogen and provide the safest means of hydrogen storage. Much R&D effort is 
also being made at the HySA systems at the University of the Western Cape to improve their storage 
performance, mostly in the absorption of hydrogen because of their slow absorption. Attempts at using 
PGMs coatings on the metal hybrids may result in an upturn in hydrogen absorption. Discussions in 
this regard with Dr. Lototskyy brought our attention to one of their published documents (Ulleberg et 
al., 2010). 
 
10.2.5. The impact on the South African PGMs and HFCT initiative of a suitably made non-
PGM catalysts 
 
HFCT is becoming tangible while its cost effectiveness still remains a challenge. This can only be 
addressed by decreasing the PGMs loading of MEA. Though PGMs loading has declined by over 80% 
during 2005-2010, this needs to further decline. Researchers worldwide are still working hard to 
further decrease PGMs loading. Meanwhile many other researchers believe that they can develop 
much cheaper catalysts that are either PGMs alloys or non-PGMs loading catalysts. They think that 
these may possibly be brought down to cost a cost below USD 100/Kw. Some of those attempts were 
referred to in 2.6. Any successful alternative research promoting any other catalysts than PGMs might 
change the global bet over PGMs catalysts, and this would challenge the vision and the objectives of 
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the South African HFCT noble societal project. This project was designed to benefit the country, given 
its potential PGMs reserves, by playing a role in the global HFCT local industry. 
 
10.3. Availability of investment capital 
 
In order to capture the above opportunity, South African policymakers need to (Radhika, 2013): 
 Provide extensive support, with subsidies or partnerships with hydrogen fuel cell investors and 
manufacturers.  
 Nurture technology-specific programmes that will help to bring locally produced, or even 
licensed fuel cell technologies, to market.  
 Help to create markets for such new energy technologies through regulations and incentives 
targeted at both residential and industrial energy users. For example, mobile phone operators.  
 An ambitious strategy to create fuel cell products for export will need incentives and cross-
government backing to bear the fruit. 
  
10.4. Establishing the Sustainability of the Platinum Catalysed PEM HFCT industry in 
South Africa 
 
In order to establish that the Platinum Catalysed PEM HFCT industry is sustainable in South Africa it 
is necessary to do the following: 
 Quantify potential reserves of the PGMs 
 Quantify the GHG emissions involved in PGMs production 
 PGMs mining cost effective and sustainably so 
 
10.4.1. Quantified potential reserves 
 
The potential economic reserves that count South Africa in the Bushveld Complex amount to 70,000 t 
PGMs (Mudd and Glaister, 2010). In regard to country’s bid on HFCT initiatives, these estimated 
reserves of PGMs alone will prove to be enough for some decades. In accordance with Mudd (2009b), 
the current economic mining limit of the Bushveld Complex is evaluated merely to a mining depth of 
2km. Additional PGMs are known to be available at greater depths (up to 7km) as well as in other 
lower grade reefs (of about 1-3g/t) not exploited at present. The potential PGMs could be as much as 
311,000 t in the Bushveld alone (Cawthorn, 2007). 
  
10.4.2. Quantifying GHG emissions involved in PGMs production 
 
There are two global models developed in Figure 10.10, bearing a resemblance to Gaussian curves, 
representing two global opinions on PGMs economic potential and the lifetime exploitation, which are 
described by the Cumulate Production + Reserves + Reserve Base and Cumulate Production + 
Reserves in function of Annual Production and PGMs reserves. 
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The two Gaussian-like curve models expand between years 1900-2200 with peaks of maximal annual 
productions (t PGMs/year) forecast for the years 2040-2050 (Figure 10.10). In Figure 10.10 there are 
seen two GHG emissions models with their respective cumulate production + Reserves curves. They 
both depict GHG similar trends / forecasts, likely to occur along with a similar expected exploitation 
pace of PGMs. The strong growth in sustainability reporting by mining companies has helped with 
measuring the current the environmental loads and the challenges brought about, that is helping to 
determine the sustainability of the PGMs mining industry. The GHG emissions modelled in the Figure 
10.10 are based on real data sets already available, on energy, water, wastes, and GHG emissions. 
These can be joined with the statistics from financial performance and possibly linked to aspects such 
as energy, water and greenhouse costs with ore grade, annual throughput, and other business figures 
to provide specific benchmarks for comparison of individual site operations; this includes a 
determination of the environmental implications as PGMs production carries on growing to meet rising 
demand (Mudd and Glaister, 2010). 
 
The fact that tangible factors can probably confirm the trend on GHG emissions of the PGMs 
production, gives rise to a concern about how to cut down each and individual emission contributing to 
these figures, bearing in mind the coming environment impact as PGMs production continues to grow. 
This is a real challenge to overcome. However though it seems difficult to know how to reduce the 
energy consumption, for example, when more energy is demanded to intensify the production, certain 
other parameters can be looked at; this can be illustrated by the case of Anglo American Platinum with 
an outstanding improvement on SO2 reduction as presented in Figure 10.12.   
 
Figure 10.10: Peak PGMs production curves and projected GHG emissions. Source: (Mudd, 2009b) 
 
However a great deal of encouragement has been provided by the decrease in SO2 emissions during 
an increase in PGMs production - Figures 10.11 and 10.12. 
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Figure 10.11: Sulphur dioxide reduction at Anglo American Platinum. Source: (Anglo American 
Platinum, 2011) 
 
 
 
Figure 10.12: PGMs production Growth at Anglo American Platinum. Source: (Anglo American 
Platinum, 2011) 
 
Unfortunately this improvement in reducing SO2 emissions, impressive as it is, is drafted by the 
problem posed by the total GHG emissions in the plant annually (Figure 10.13).  
 
Figure 10.13: GHG emissions by all operations in the plant, compared to SO2 emissions 
Source: (Anglo American Platinum, 2011) 
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10.4.3. PGMs mining cost effective and sustainably so 
 
With reference to the PGMs production curves and projected GHG emissions in Figure 10.10, PGMs 
exhaustion might occur around AD 2200. This expresses either a complete PGMs exhaustion or an 
unaffordable ore exploitation given loss or severe reduction of the profitability caused either by 
advanced ore grade decline resulting in excessive energy needs impeding economic interest. In any of 
these cases mining PGMs might be defined as becoming unsustainable beyond say AD 2200. Beyond 
that production of PGMs calls for a maximisation of recycling and R&D initiatives either to extend the 
life of the mines or by use of alloys which have optimal chemical performance with very low PGMs 
loading. There is however a fact that the exploration of PGMs in the South African Bushveld Complex 
is rather speculative as per the depths of its reserves yet to be estimated down to as far as 7km; more 
reserves might exist at the below these depths. 
 
Lastly a different opportunity for a sustainable global supply of PGMs supply might appear, although 
this may be a far out possibility on account of both cost and environmental damage in reaching out to 
the source, namely LL Chronicles and Metallic asteroids abound with PGMs. These are among other 
asteroids discovered in the near-Earth asteroids with high geological diversity (Blair, 2000). In keeping 
with Blair (2000), the exploitation of the extra-terrestrial is hypothesized to become available in the 
global marketplace in 2020 and afterwards, based on technology improvement and increased 
activities of humans in near-Earth space. The unit per mass of asteroidal PGMs exceeds 50 grams per 
ton in meteorite samples attributed to the LL Chondrites compared to 4-7 grams per ton from earth 
bound mines. It was further determined that the mining methodologies in the meteorites may appear to 
be simple because they will require the separation of finely pulverized soil in a low gravity, high 
vacuum environment. In addition to the opportunity of exploiting asteroidal PGMs, some sources 
reveal that a payload of up to 1000 times weight may be inserted into the low-earth orbit from a 
spaceship departing one of these asteroids compared to launching a vehicle from earth’s surface 
(Blair, 2000). 
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CHAP 11: HYDROGEN AND FUEL CELL INITIATIVE IN SOUTH AFRICA: PUBLIC AWARENESS 
11.1. Introduction 
 
Public awareness is one of the targeted objectives of the Department of Science and Technology on 
hydrogen fuel cell technology. It is important to find out through making the public and their educators 
aware of the HFCT national initiative whether and to what extent there can be exposed to some of the 
relevant current scientific issues which will help to understand science and its potential to solve faced 
challenges by the society. Furthermore public awareness initiative intends to create science 
communicators out the public with a basic role of spreading the word of science in the community at 
large (SAASTA, 2012). The modern society is built with cornerstones of science and communication 
debate, among others. Science has brought forth applications developed from theories which impact 
to the modern society, by alleviating difficult conditions and by the provision of basic needs. Electricity, 
computers, cell phones, self-propelled vehicles, and some more recent and upcoming technologies 
such as ocean wave power supply, nanotechnology, hydrogen fuel cell technology, wireless power 
supply, are supported by science theories. 
 
Modern methods of communication might be seen as cornerstone since it speeds progress in 
providing solutions. Both science and modern communications have impacted high-level scientific 
topics that are linked to issues affecting society. SAASTA in this regard is looking forward to fostering 
an in-depth understanding of scientific topics to the young generations so as to relieve them from the 
tendency to fear topics such as physics, mathematics, chemistry and applied science with the 
intention of the fear that most young people have that science is a formidable topic (SAASTA, 2012). 
 
11.2. South African HFCT Public Awareness Initiative 
 
The Department of Science and Technology (DST) appointed the South African Agency for Science 
and Technology Advancement (SAASTA) to implement the Hydrogen South African project (HySA) 
public awareness, demonstration and education platform. The main function of SAASTA for HySA 
public awareness is to develop information channels to the public about hydrogen technology 
initiatives in the country. SAASTA is a business unit of the National Research Foundation known as 
NRF. Its mission is to promote broad public awareness, appreciation and understanding of science, 
engineering and technology in South Africa. SAASTA for HySA public awareness platform is in the 
business of creating awareness, visibility and acceptance amongst the public, entrepreneurs and key 
decision makers regarding the benefits and other advantages such as safety in using HFCT. The 
public awareness is needed to achieve a basic understanding, acceptance, and adoption of HFCT. 
This can be achieved through exhibiting and explaining simplified materials and comprehensible 
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exhibits, and by the provision of information on current initiatives and research programmes as well as 
providing news on alternate energy related activities within the hydrogen industry (SAASTA, 2012). 
 
11.3. SAASTA Public Awareness System Approaches 
 
SAASTA focuses on programmes called “SAASTA Youth Programmes”. These are subdivided into the 
following divisions (NRF, 2012): 
 Primary School Science Intervention: an initiative aimed at advancing science at primary 
school level. 
 SET awareness campaign: a programme which aims at broadening learners’ awareness of 
careers in science, engineering and technology 
 National Schools debates: a project using school at underprivileged learners in grades 7 to 9 
form areas in and around Johannesburg, introducing them to technology  
 National Science Olympiad: a competition open to learners in grades 10 to 12 in physical 
science and life sciences 
 Science Camps: Camps for learners who showed potential in the National science Olympiad 
competition 
 Astronomy Quiz: a competition aimed at Grade 7 learners based on themes around astronomy 
 EasyScience: a science supplement to the youth magazine MiniMag.   
Hydrogen fuel cell technology awareness fits among these programmes in hope of encouraging some 
youths to adopt a career in the field. There is a need however to broaden to the awareness of HFCT 
and the collaboration between local research institutions and universities with more public open days 
and conferences. It will also make aware parents who value technology and vehicle information in the 
household with hope to see more young people convinced by their beloved parents to believe that 
new technology may be not formidable, but rather as practical as any other science. 
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CHAPTER 12 
 
OVERALL CONCLUSIONS 
CHAPTER 12: OVERALL CONCLUSIONS 
The summary of findings and the overall conclusions of the research study are consolidated in this 
chapter. An outline of the contributions made in this study and the recommendations for further 
research are presented. 
 
12.1. Summary of Findings 
 
Chapter 5: Preparation of the composite electrode 
All of the equivalent emissions of carbon dioxide in the preparation of 119.23g electrode platinum 
nanophase composite were evaluated at approximately 8.78 kg CO2-eq. Over 90% of all emissions of 
carbon dioxide equivalent has been attributed to the energy supplied, produced by emitting resources. 
Energy consumption by product component was based on the results of transformations; therefore 
little attention was paid to the accurate quantification of energy consumption. Direct emissions are 
probably involved in the heating, calcining, drying of materials. Other direct emissions considered 
were given in the literature. 
Chapter 6: Environmental impact assessment of the platinum nanophase catalyst composite electrode 
by the use of the eco-indicator 99 methodology 
Airborne likely potential emissions from this process are:  
 carbon monoxide with 0.12mPt (Health hazard to human; CO can result in a reduction of 
oxygen delivery into the body's organs such as the heart, brain or tissues),  
 NOX with 0.23mPt (Respiratory effects, acidification/ Eutrophication),  
 Ethanol with 1.45mPt (Respiratory effects, acidification/ Eutrophication), 
 Formaldehyde with 0.003mPt (Respiratory effects), Methanol 0.0002mPt (Respiratory effects),  
 SOX with 0.007mPt (Respiratory effects, acidification/ Eutrophication) and 
 Water vapour, a potent greenhouse gas in the form of cloud cover, along with other gases 
such as methane and carbon dioxide. 
Potential Emissions to soil/water were HMS matrix, waste water and sodium hydroxide. These may be 
recycled. 
Chapter 7: Platinum group metals: recovery process 
PGMs are known for, among other exceptional usages, their contribution to the reduction of 
environmental damage by their involvement in technology. However PGMs are also responsible for 
serious polluting emissions, including among others, a high level of SO2 in the atmosphere infused. 
Mining PGMs producer operating reserves in the Bushveld Complex in South Africa seeks to address 
this problem which seems still a challenge in general.  
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As a whole, each platinum mining company is constrained to meet the compliance on SO2 emissions 
in a limit rate of 25 tonnes per day enforced by the regulation; otherwise monetary penalties follow for 
non-compliance. However the Anglo American Platinum Limited has brought about a new 
technological approach by which a new type of converter (ACP converter) with effectiveness and high 
efficiency conversion of sulphur (S) to SO2 that is later converted to sulphuric acid (H2SO4). The 
conversion rate of SO2 into H2SO4 is of 99.9% regardless the increase of ore throughput. The off-gas 
released at the tail gas results in less than 10ppm SO2 and 100 ppm NOX. 
 
As SO2 emissions from smelting and converting processes would probably not have been the only 
emissions in the process of recovering PGMs, we implemented the rational limit for the environmental 
assessment process from mining to off-gas handling. PGMs mining and processing operations cause 
significant emissions and environmental impacts, such as land conversion, significant airborne 
particulate matters, surface water and groundwater polluted by chemicals and emissions from non-
renewable resources. Large mixed waste is generated in PGMs processing. While in return, the 
mining companies put in place appropriate systems to ISO 14001:2004 to monitor legal compliance in 
order to prevent pollution, significant emissions interact with local communities living in the 
neighbourhood of their plants' operations. 
 
Chapter 8: Life cycle inventory assessment of the recovery process of platinum group metals 
The primary emissions in producing the PGMs are indirect. They mainly originate from the use of large 
quantities of energy supplied by Eskom produced 88% of the electricity production in coal. The 
generation of electricity by coal is the source of significant and direct CO2 emissions into the 
atmosphere. Conversely direct emissions in the mining industry result from the use of coal, petrol, 
diesel and LPG. The major pollutants produced in the mining phase are dust, crushed rocks, sulphur 
and sand. In the ore concentration unit, in addition to indirect emissions from energy, direct emissions 
are Fayalite, crushed rocks, sulphur, sand and possibly chemicals. Smelter requires significant energy 
consumption used for high temperature furnaces wherein furnace matte bearing precious metals is 
separated from the inorganic sulphide matte cast. SO2 and FeO2 generated in this process are the 
main emissions. 
  
The overall equivalent carbon dioxide emissions for all the phases assessed from mining to off-gas 
handling was amounted to 6303 Kg CO2eq per 4 tonnes of ore. Smelting was the phase with the 
highest equivalent carbon dioxide emissions which is justified by the energy consumption needed at 
the smelter. 
 
Chapter 9: Environmental impact assessment of the pgms recovery process using the eco-indicator 99 
methodology 
A similar cross-analysis of Ore milled / GHG Emission ratios comparison between the model 
developed and the 2011 Anglo American Platinum annual report allowed us to make use of published 
data from the annual report to establish an effective understanding and identification of damage 
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impacts on human health, ecosystem quality and resource extraction in the process of recovering 
PGMs.  
 
The largest damage impact caused by CO2 emissions indirect to PGMs production process was 
estimated to be 8.18 E+9 mPt equivalent to 19,049 Tera-joules from electricity purchased, which is 
coal-based with damage impact to resources caused by extraction of fossil fuels. The second highest 
was of 3.43 E+8 mPt which was the damage impact to resources caused by extraction of minerals. 
The damage impact of 2.48 E-1 mPt by SO2 emissions, which has an impact on human health and the 
ecosystem quality and the reason behind the motivation to assess the process of recovering PGMs, 
was relatively minor compared the first two and to some others. 
  
Furthermore damage impacts found in the surroundings of PGMs processing plants, are held 
responsible for real environmental challenges. The most noticeable of these challenges are air 
pollution with volatile organic compounds and dust emission, acid mine drainage, noise pollution 
which, interacting with the community around affect human health, livestock, fauna, groundwater, flora 
and forced relocation. 
 
Chapter 10: Energy potential and the management of the technology needed to provide a sustainable 
platinum-catalysed fuel cell driven power supply in South Africa 
 
The energy potential of the South African HFCT initiative had to be thought through by its objectives 
and the capacities to achieve them. The concept on its own was defined as the maximum potential 
energy capacities that the technology initiative can achieve in meeting the objectives. The South 
African HFCT initiative intends to achieve the following objectives by 2018:  
 To have created knowledge and human resource capacity that will develop high value 
commercial activities in HFCT utilising local resources and existing know-how 
 To have created wealth through high value-added manufacturing 
 To have developed hydrogen infrastructure solutions 
 To have promoted equity and inclusion in the benefit of the national wealth through the 
national HFCT initiative 
In the first five-year innovation phase (2008-2012), a fast development of fuel cell powered prototype 
applications and other breakthroughs such reduction of Pt loadings in composite electrodes with high 
electrolytic activities have been achieved. Sustainability of HFCT initiative is provided in conclusions 
and recommendations. 
Chapter 11: Hydrogen and fuel cell initiative in South Africa: public awareness 
Regarding the current state in the public awareness of the South African fuel cell technology initiative 
is of the technology not well known and of little media attention. 
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12.2. Conclusions and Recommendations 
 
The manufacturing process of the based laboratory Pt nanophase composite electrode reportedly 
achieved catalytic performance. However it is important, from an environmental viewpoint, to find ways 
to quantify exactly the energy needed for each and every process involved because highest equivalent 
carbon dioxide emissions were attributed to energy. Achieving this might provide standard data or 
benchmarks of the energy consumption involved at industrial scale manufacturing.  An energy 
palliative measure would be to look at friendly energy resources such as solar and wind power 
systems. This approach may clarify the path towards sustainable development of efficiently produced 
hydrogen by water electrolysis. 
When scaled up into industrial application the preparation of nanophase composite electrode, eco-
indicators relatively small in value found on the chemicals used can significantly increase and thus 
lead to greater exposure and damage may result. Therefore reducing these emissions will benefit from 
an environmental perspective the development of nanophase composite electrode when promoted to 
industrial manufacturing.  
Ways need to be found to avoid nanotoxicicity during manufacture of nanostructured materials. 
Finally, substitution of chemical pollutants by those emitting less can also be a way to reduce 
contamination and significant toxic emissions. A strong emphasis on reuse must be considered. The 
liquefaction of water vapour is an example.  
As regards the industrial engineering process of recovering platinum group metals, issues of massive 
emissions are real taking into consideration the findings of this carried out study.  It has been 
observed that, although the emphasis on reducing the impacts of atmospheric damage caused by SO2 
receives the most attention, the highest impacts damage in the process of extracting PGMs, among 
several others, are impacts on resource damage caused by the extraction of minerals and fossil fuel 
reserves. However this evidence is not that much perceived as a direct threat to the sustainability of 
the production of PGMs. The achievement of the threefold legs of sustainability in this regard, calls for 
a rethinking of the value-stream in producing PGMs in more possibly friendly environmental 
approaches.  
In addition, enormous environmental impacts of energy consumption in the treatment of the PGMs, 
raises the question of what it is used for. In addition to production, there are methods of using energy, 
such as cleaning undertaken to comply with environmental regulations in order to minimise 
environmental impacts, which might bring more GHG emissions by using energy than if there was not 
compliance. Therefore other means might be of more help in mitigating overall emissions of energy 
consumption, and therefore in reducing damage impacts to resource. A further study on this aspect 
may be of some use. 
In respect of energy potential and sustainability of the South African PGMs-based HFCT initiative, the 
success of short-term objectives of the initiative could rely on the completion of, the provision of, cost-
effective, hydrogen storage and infrastructure solutions of hydrogen. The certainty of the long-term 
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initiative to play a prominent role in the global HFCT local industry can only be possible by the success 
of the initiative in the short term. In addition, it is possible for South Africa to be positioned in a long-
term perspective among the leaders HFCT in respect of hydrogen production by electrolysis since this 
era may develop later in 2025. 
The sustainability management of the South African HFCT initiative for the long-term energy supply 
and sustainability can be determined: 
 By the successful implementation of its short to long terms energy potential objectives 
 By quantifying the potential reserves of PGMs made available for the HFCT technology 
 By addressing progressively GHG emissions involved in the entire life cycle of PGMs, mining 
to recycling. 
 By cost-effectiveness in PGMs mining operations and sustainably 
 By further cutting down Fuel Cell PGMs loading 
The following may change the global vision of the PGMs: as researchers around the world believe 
they can develop catalysts that are either PGMs alloys or non-PGMs loading catalysts, any research 
effective promoting alternative catalysts other than PGMs may change the global bet over platinum 
catalysts, and this would challenge the vision and the objectives of the South African HFCT noble 
societal project. Therefore, accelerating research innovations in the sector is of utmost importance. 
Finally, as regards the current state of the South African fuel cell public awareness, there is a need to 
attract public awareness and entrepreneurs to see the future opportunities and where to invest their 
money and talents. There is also the need to broaden the national HFCT initiative to invite on board 
more national research institutions, universities and obtain more involvement from the global private 
sector. 
12.3. Study Objectives 
 
The objectives of the study were achieved. Significant findings were made as well as relevant 
recommendations were provided. The study was conducted to quantify emissions of carbon dioxide 
equivalent, the identification and determination of potential environmental impact damages in the life 
cycle of platinum group metals through an industrial process in mining production of PGMs and a 
method of preparation of the platinum nanophase composite electrode. This study was to evaluate the 
research on environmental sustainability of the on-going development of platinum catalysed hydrogen 
fuel cell technology in South Africa in connection with the use of platinum reserves of the country. The 
study also reached the objective of discussing the ability of the potential energy of the hydrogen fuel 
cell (HFCT) initiative in South Africa, response to the global emerging HFCT sector. Forecasts and 
recommendations were made in this regard as well. Lastly, recommendations were also provided on 
how to develop the South African HFCT initiative public awareness since it lacks attention by the 
public.  
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